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ABSTRACT 
Investigations of increasing ground-level ozone (GLO) concentrations in Windsor 
during 1996-2015 were conducted by statistical and regional transport analysis. Long-term 
GLO trends at various percentile levels were identified in Windsor during study period. 
Increasing 25th percentile level GLO concentrations (0.67 ppb/year) was observed in 
Windsor suggesting an increase of background GLO. Whereas, peak GLO concentrations 
were decreased (-0.41 ppb/year) due to emission reductions of NOx and VOC. Seasonal 
GLO trends were detected by Mann-Kendall test in Windsor during the study period. 
Increasing GLO concentrations in non-smog season were twice much as those in smog 
season. GLO concentrations on weekends (33 ppb) were significantly higher than those 
on weekdays (30 ppb) due to a decrease of NO titrations. Backward air trajectories were 
run by HYPSLIT model in smog season during 1996-2015. It was found that the highest 
8-hour max GLO concentration (57 ppb) in Windsor were associated with air trajectories 
transported from the south. In the south of Windsor, there are industrial states of Ohio and 
Indiana. In addition, frequency of southerly flow (160°-200°) has increased 30% in 
Windsor in smog season during the study period. 
It was found that increasing GLO concentrations in Windsor during 1996-2015 are 
attributed to, 1) the increase of background GLO concentrations, 2) the decrease of NO 
titrations, and 3) the increase of regional transport GLO from the south of Windsor. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Ozone (O3) forms naturally in the upper level of the atmosphere, and it protect the 
earth from the harmful UV radiation (USEPA, 2015a). O3 at ground level has been 
considered as a main component of smog. Ground level ozone (GLO) is formed by 
photochemical reactions between nitrogen oxides (NOx) and volatile organic compounds 
(VOC) in the presence of sunlight (MOE, 2010a). GLO is a secondary air pollutant. Thus, 
formation and transportation of GLO is strongly affected by meteorological conditions and 
emissions of GLO precursors, NOx and VOC (MOE, 2013). Changing weather conditions 
and emissions of NOx and VOC would result in diurnal, day-to-day, month-to-month and 
annual variability of GLO concentrations.  
GLO concentrations are high in summer, from noon to early evening. Low GLO 
concentrations are recorded in winter, from late evening to early morning. In Ontario, 
smog season begins on May 1 and ends on September 30 (MOE, 2013). In Michigan, smog 
season begins on April 1 and ends September 30. In Ohio, smog season is from April 1 to 
October 31 (USEPA, 2015c). 
Several GLO studies have demonstrated that GLO concentrations were closely 
associated with meteorological parameters, including solar radiation, wind speed and 
relative humidity (Geddes et al., 2009; Kindzierski et al., 2009; Li et al., 2010). Solar 
radiation triggers photochemical activity to produce GLO in the present of NOx and VOC. 
In addition, strong solar radiation would result in an increase of local biogenic VOC 
emissions (Pugliese et al., 2014). Wind speed is one of the factors affecting air pollution 
dispersion and transportation (Toro et al., 2013). Several GLO studies have demonstrated 
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that higher GLO concentrations were found in remote rural sites rather than in upwind 
urban sites. This suggests the regional transport of GLO (Cape, 2008; Geddes et al., 2009; 
Pugliese et al., 2014). A GLO study has demonstrated that relative humidity has negative 
impacts on GLO concentrations. Because GLO destruction occurs when an excited oxygen 
atom reacts with vapor (Chen et al., 2012). 
Ontario air quality report in 2014 showed that transportation sector contributed 71% 
of total NOx emissions, followed by miscellaneous/residential (9%) and other NOx 
industry sources (9%) (MOE, 2014). For VOC emissions, the transportation sector 
contributed a 28% of total VOC emissions and the second largest VOC contributor was 
general solvent use with 24%. Ontario’s NOx and VOC emissions by sector in 2013 are 
shown in Figure 1-1 and Figure 1-2. 
 
 
Figure 1-1. NOx emissions by Sectors in Ontario in 2013 (MOE, 2014). 
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Figure 1-2. VOC emissions by Sectors in Ontario in 2013 (MOE, 2014). 
 
O3 is known as a strong oxidant, and O3 irritates respiratory tract (MOE, 2013). 
Breathing GLO would cause cough, wheeze, and feel pain when breathe deeply (USEPA, 
2015b). People with lung diseases, children, elders, and active people are more sensitive 
to GLO exposure. A GLO epidemiological study in Ontario has demonstrated that GLO 
concentrations were positively correlated with respiratory hospitalizations for elders (>65 
years) (Fung et al., 2005). Short-term exposure to GLO would result in absence from work 
and more hospital admissions. Long-term exposure to GLO would cause permanent lung 
damage, and even death. The following advices are adopted to reduce adverse health 
effects from exposure to GLO, 1) to reduce outdoor activities during high ozone episodes, 
2) to wear personal protection equipment when working at outdoor during high ozone 
episodes (USEPA, 2015b).  
       High GLO concentrations damage ecosystem by inhibiting breath ability of plants 
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(IDNR, 2015). O3 deposits on plant surfaces would slow down photosynthesis rates, and 
causes reductions of agricultural yields and make plants more sensitive to diseases. The 
report of trans-boundary Air Pollution in Ontario has demonstrated that GLO costs 
Ontario’s economy $3 billion each year on environmental damages (EC, 2008). Additional 
costs to Ontario’s economy include damage to buildings and infrastructures. 
 
1.2 Objective 
In Ontario, emissions of NOx and VOC decreased 39% and 26% from 2003 to 2012, 
respectively (MOE, 2013; EC, 2016). However, annul mean GLO concentrations had 
increased 8% across Ontario during 2004-2013 (MOE, 2013). In addition, 1-hour max 
GLO concentration in Windsor was 4 times exceeded ambient air quality criterion (AAQC) 
in 2013 (MOE, 2013). Annual fourth highest daily maximum 8-hour mean GLO (8-hour 
max GLO) concentration in Windsor was 77 ppb in 2013, and was higher than the national 
63 ppb 8-hour GLO standard.  
The overall objective of this thesis is to investigate increasing GLO concentrations in 
Windsor during a study period of 1996-2015. Specific objectives of this thesis are to 
identify: 
 Long-term GLO trends in Windsor during the study period; 
 Seasonal GLO trends during the study period; 
 Temporal variability of GLO concentrations; 
 Meteorological effects on GLO concentrations in Windsor; 
 Regional transport of GLO to Windsor. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 GLO formation 
GLO is photo-chemically produced by NOx and VOCs (MOE, 2010a). Inter-
relationships among GLO, NOx and VOC are driven by nonlinear photochemical reactions 
(Sillman, 2003). GLO formation is expressed by the following six reactions. First, VOC 
and CO are oxidized by hydroxyl radical (OH) to produce an organic peroxy radical (RO2) 
and a hydroperoxyl radical (HO2) and shown in Reaction 1-2.  
VOC + OH → RO2 + HO2             .(1) 
CO + OH →HO2+CO2             (2) 
       Next, conversions of NO to NO2 through RO2 and HO2 are shown in Reaction 3-4. 
RO2 + NO → Secondary VOC +HO2 + NO2           (3) 
HO2 + NO → OH + NO2             (4) 
       Then, photolysis process converts nitrogen dioxide (NO2) to nitrogen monoxide (NO) 
and atomic oxygen are shown in Reaction 5. The atomic oxygen reacts with oxygen to 
produce ozone and shown in Reaction 6.  
NO2 + hv → NO + O                         (5) 
O + O2 + M→ O3+ M                                                                       .(6) 
       However, O3 destruction occurs when O3 is consumed by NO. It is known as NO 
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titration and shown in Reaction 7. Therefore, a decrease of NO emissions would result in 
an increase of GLO concentrations.  
NO + O3 → NO2 + O2             (7) 
Many GLO studies have demonstrated that increasing GLO concentrations were 
observed in despite of emission reductions of NOx (Sicard et al., 2009; Sicard et al., 2013; 
Akimoto et al., 2015). A GLO study in Japan has used total oxidant (TO) instead of O3 to 
represent a better measure of photochemical production of O3, because TO is not affected 
by exchanging reactions, such as photolysis of NO2 and NO titrations of O3 (Akimoto et 
al., 2015). The TO was defined as [TO]=[O3]+[NO2]-[NOX], where [NO2] and [NOX] are 
concentrations of NO2 and NOX, respectively. In the study,  is taken as 0.1. Trends of NOx, 
O3 and TO were detected in the four study areas in Japan during 1990-2010. Decreasing 
NOx concentrations were observed in four areas during the same period. Comparisons 
between O3 and TO trends clearly showed that increasing rates of annual mean O3 (0.3 
ppb/year) is greater than that of TO (0.08 ppb/year). This suggests that the decrease of NO 
titration is one of the causes of increasing GLO concentrations in Japan. 
NO titration effects have also been observed in weekday and weekend GLO 
concentrations. Many GLO studies have demonstrated that GLO concentrations were 
higher on weekends than on weekdays (Khoder, 2009; Koo et al., 2012; Huryn & Gough, 
2014). This is mainly due to the decrease of NO titration resulting from emission 
reductions of NO on weekends.  
Weekday and weekend GLO effects have been investigated in a GLO study in 
Kathmandu Valley, Nepal (Pudasainee et al., 2006). Concentrations of NO, NO2 and GLO 
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have been continuously monitored from Nov 20, 2003 to Nov 21, 2004. NO and NO2 
concentrations during a general strike were 55% and 39% lower than on weekdays, 
respectively. However, GLO concentrations measured during a general strike were 19% 
higher than GLO concentrations on weekday. This is due to the decrease of NO titration 
on a general strike. 
GLO formations are affected by local photochemical reactions and regional transport 
of GLO and its precursors (MOE, 2013). Solar radiation provides energy to trigger 
photochemical production of GLO. A GLO study has demonstrated that one hour is a 
suitable time for UV energy being transferred and utilized in photochemical reactions (Bai, 
2010). The lifetime of GLO varies from one day to few days in the free troposphere 
depends on ambient temperature (Sicard et al., 2013). Therefore, an approximate three-
day is a reasonable response time for regional transport of GLO to reach a destination. Due 
to that VOC have shorter lifetimes (few hours) than NOx (one day), regional transport of 
GLO precursor is mainly refer to NOx (HUACMG, 2004). Therefore, response time of 
GLO concentrations affected by regional transport NOx is roughly within a day. 
Furthermore, GLO formations are also affected by a ratio between concentrations of 
VOC and NOx (Geddes et al., 2009). When VOC to NOx ratio is low (<4), an area is 
considered to be VOC limited (Sillman, 2003). VOC emission control is more effective on 
GLO reductions. When VOC to NOx ratio is high (>15), an area is considered to be NOx 
limited. NOx emission control is more effective on GLO reductions. When the VOC to 
NOx ratio is in the intermediate level (between 4 and 15), a combination of VOC and NOx 
emission control strategies would be applied (Sillman, 2003). Thus, information of GLO 
sensitivity is particular useful to propose and develop GLO precursor control strategies.  
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A GLO study has used decoupled direct method (DDM) to simulate GLO sensitivity 
in the Midwest of the US during June-August, 2005(Koo et al., 2012). The first-order 
sensitivities of 8-hour max GLO concentrations to anthropogenic NOx and VOC 
emissions have been conducted by DDM. The study has concluded that GLO were more 
sensitive to VOC in urban sites, whereas rural sites displayed NOx limited conditions. The 
sensitivity analysis has showed that O3 sensitivity were different on weekday and weekend 
in Midwest of the US, due to the emission reductions of NOx on weekends.  
 
2.2 GLO monitoring networks and legislations in Canada and the US  
In Canada, the National Air Pollution Surveillance (NAPS) program was established 
in 1969 by Environment Canada (EC, 2013). The purpose of NAPS is to monitor air quality 
continuously at high population density regions in Canada. There are approximately 300 
monitoring stations developed by NAPS. The criteria air pollutants that are monitored by 
NAPS including sulfur dioxides (SO2), particulate matter (PM), NO2, O3, and carbon 
monoxide (CO). For smog assessment, NO, NOx, and VOC are monitored continuously.  
The air pollutant data are used to provide information on air pollutant 1) trends, 2 
impacts, and 3) strategies. Air pollutant trends are useful either to identify whether air 
quality has improved during a period or to examine whether air pollutants have been 
effectively controlled by current air regulations. Researchers, regulators and policy makers 
utilize air pollutant data to investigate impacts of air pollution on human health and the 
ecosystem. An epidemiological study has demonstrated that even a small increase of air 
pollution would result in measurable increases of school absences and hospital admissions 
(EC, 2016).   
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The Canadian Wide Standard for GLO was 65 ppb of 3-year average of the annual 
fourth highest 8-hour max GLO concentrations (CCME, 2014). The new Canadian 
Ambient Air Quality Standard (CAAQS) has readjusted the 3-year average GLO standard 
to 63 and 62 ppb in 2015 and 2020, respectively (CCME, 2014). In Canada (exception for 
Quebec) from 2010 to 2012, 66 out of 87 GLO monitoring stations had 8-hour max GLO 
concentrations below 65 ppb CWS GLO (CCME, 2014). For the 21 nonattainment sites, 
two sites were in Alberta and nineteen sites were in Ontario. In Alberta, exceeding GLO 
concentrations were mainly caused by high background GLO concentrations (CCME, 
2014). In Ontario, high GLO concentrations were mainly caused by regional transport of 
GLO from the Midwest states of the US. Moreover, GLO in Windsor showed the highest 
3-year average (79 ppb) concentrations in national wide from 2010 to 2012. 
In Ontario, the Ambient Air Quality Criteria (AAQC) for 1-hour max GLO 
concentration is 80 ppb (MOE, 2013). Across Ontario, 1-hour max GLO concentrations 
were ranged from 63 ppb in Thunder Bay to 101 ppb in Oakville in 2013 (MOE, 2013). 
One-hour max GLO concentration in Windsor was 87 ppb in 2013. Windsor was ranked 
the top 8th (total 40 sites) 1-hour max GLO concentrations across Ontario (MOE, 2013). 
Twenty-one sites measured 1-hour max GLO above AAQC 80 ppb for at least once in 
2013. Windsor was four times exceeded AAQC in 2013 (MOE, 2013). 
In the US, air pollution monitoring network is operated by US Environment Protection 
Agency (USEPA) (USEPA, 2014a). The current criteria air pollutants are CO, lead (Pb), 
O3, PM and SO2. Each state in the US is responsible for establishing air quality monitoring 
network for criteria air pollutants. Monitoring stations in the network are called State and 
Local Air Monitoring Stations (SLAMS). Annual air quality reports are prepared at each 
 10 
 
site and submitted to the Office of Air Quality Planning and Standard (OAQPS). The 
National Air Monitoring Stations (NAMS) are developed by OAQPS. The purpose of 
NAMS is to obtain more air quality information in order to rule criteria air emission control 
strategies in the US. NAMS is equipped with advanced instruments with stricter 
monitoring settings. The third type of monitoring network is the Special Purpose Monitor 
(SPMS). The SPMS are operated by states and local authorities for short-term monitoring 
assignments. The fourth type of monitoring network is Photochemical Assessment 
Monitoring Stations (PAMS). O3 and its precursors of NOx and VOC data have been 
measured by PAMS since 1990 (USEPA, 2014a).  
Air Quality Subsystem (AQS) operated by the USEPA had archived air quality data 
and meteorological data from state and local monitoring sites since 1990 (USEPA, 2014b). 
The annual, daily and hourly mean of air pollutant data and meteorological parameters are 
available on the Airdata website (USEPA, 2015c). Ultraviolet photometry method is used 
to measure GLO concentrations in the US and Canada.  
In the US, the National Ambient Air Quality Standard (NAAQS) is developed by the 
USEPA (NAAQS, 2014). The NAAQS for GLO was 75 ppb per 3-year average of the 
annual fourth highest 8-hour max GLO concentrations. The USEPA has issued a more 
stringent NAAQS for GLO to 70 ppb since October 1, 2015. The new released GLO 
standard would provide a better protection for human health, especially for highly GLO 
sensitive populations (USEPA, 2016a). 
 
2.3 Trend analysis 
Parametric and non-parametric methods have been used to detect long-term air 
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pollutant trends (Gilbert et al., 1987). Parametric methods are used when sample data are 
normally distributed (Mendenhall et al., 2006). Parametric methods generally specify 
hypotheses in terms of mean and standard deviation. Thus, parametric methods are more 
sensitive to outliers present in dataset. Non-parametric methods are preferred, when 
sample data do not satisfy normal distribution assumptions. Non-parametric methods use 
ranks or arbitrary scale rather than values. Therefore, non-parametric methods are less 
affected by outliers. Non-parametric methods are more powerful to detect population 
differences than parametric methods when data are not normally distributed (Mendenhall 
et al., 2006). 
Linear regression is one of the simplest methods of trend detection and it was 
commonly used to detect air quality trends (Gilbert, 1987). Linear regression is a 
parametric approach to describe linear relationships between a dependent variable and an 
independent variable (Mendenhall et al., 2006). When a dependent variable and an 
independent variable exhibit a straight-line relationship, the best-fitting line is used to 
express the relationship between the two variables. The best-fitting line is called regression, 
or least square line. The principle of least squares is to minimize distances from each data 
point to the best-fitting line (Mendenhall et al., 2006). The expression of linear 
relationships between the two variables is shown in Equation 1. 
Y= a + bX           .              .(1) 
       where Y is a dependent variable (e.g. concentrations), X is an independent variable 
(e.g. time), b is the slope of regression line, and a is the intercept value.  
       A two-tailed test of hypothesis is used to determine whether a slope of trend is 
statistically different from zero (Mendenhall et al., 2006). In a two-tailed hypothesis test, 
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no directional difference is suggested for hypotheses. Two hypotheses are the alternative 
hypothesis Ha, the hypothesis that would like to support, and null hypothesis Ho, the 
hypothesis that would like to reject. The p-value is the probability of observing value is 
far below or above what we would expected. The p-value is used to decide whether to 
reject or accept the null hypothesis. (Mendenhall et al., 2006).  
       Type I error for a statistical test is to reject the null hypothesis when it is true 
(Mendenhall et al., 2006). The probability of Type I error is denoted by the symbol α. Type 
II error for a statistical test is fail to reject the null hypothesis when it is false. The 
probability of Type II error is donated by the symbol β.   
Linear regression method has been extensively used to identify long-term GLO trends 
in UK (Munir et al., 2013); Fort McMurray, AB (Kindzierski et al., 2014); Calgary, AB 
(Haque et al., 2014); Toronto, ON (Geddes et al., 2014) and Spain (Santurtun et al., 2015). 
A GLO study in UK has used linear regression method to detect long-term GLO trends at 
twenty GLO monitoring stations during 1993-2011 (Munir et al., 2013). Long-term GLO 
trends at 25th, 50th, 75th and 99th percentile levels were detected during the same period. 
Decreasing GLO concentrations at 99th percentile level was detected in all GLO sites 
suggesting emission reductions of NOx and VOC in Europe since the 1990s. In contrast, 
increasing GLO concentrations at lower and median percentile levels were detected at both 
type of sites suggesting an increase of hemispheric background GLO concentrations 
resulting from global-scale effects. 
Furthermore, a change-point analysis has been conducted in the same study (Munir et 
al., 2013). Long-term GLO trends from 1993 to 2011 and from 2004 to 2011 showed 
significant different slopes in the twenty GLO monitoring stations in UK. Average slope 
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of GLO trends in all sites were positive from 1993 to 2011, and negative from 2004 to 
2011. This is due to NOx trends have stabilized during the last 8 years. Overall, change-
point analysis is a good tool for recognizing break point in long-term ozone trends.  
       Air quality data are generally not normally distributed and skewed to right. In this case, 
non-parametric Mann-Kendall test (MKT) is used to detect monotonic upward or 
downward trend (Gilbert, 1987). MKT is used when missing values present in the dataset 
or data do not follow a normal distribution. In additions, MKT is particular useful when 
data are reported as trace or lower than detection limits. This is due to that MKT use 
relative magnitude of data instead of their observed values (Gilbert, 1987). 
       The MKT’s S statistic is used to detect monotonic trends when number of data are 40 
or less (Gilbert, 1987). MKT’s S Statistic is the sum of sign computed by later collected 
data minus earlier collected data. A large positive S value indicates that later collected data 
are greater than earlier collected data, and vice versa. A near zero S value indicates that 
there is no overall difference between later and earlier collected data. The expression of 
MKT’s S statistic is shown in Equation 2.  
     𝑆 = ∑  𝑛−1𝑘=1 ∑ 𝑠𝑔𝑛(𝑋𝑗 − 𝑋𝑘)
𝑛
𝑗=𝑘+1                                                         (2) 
where Xj and Xk are two consecutive data points, n is the total number of data points 
(Gilbert, 1987). The sign function is shown in Equation 3.  
1, when Xj - Xk > 0 
Sgn is the sign of (Xj - Xk ) =      0, when Xj - Xk = 0                            (3) 
-1, when Xj - Xk < 0 
       In one-tailed test, the probability table for MKT can be found in Table A-18 (Gilbert, 
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1987). If two-tailed test is used, the null hypothesis is rejected when the probability level 
of doubled S value is less than a significant level. 
       The MKT’s Z statistic is used when data sizes are greater than 40 (Gilbert, 1987). The 
S value is calculated by using Equation 2. An additional variance S value needs to be 
calculated when conduct MKT’s Z statistic. The expression of variance S is shown in 
Equation 4.  
𝑉𝐴𝑅(𝑆) =
1
18
[𝑛(𝑛 − 1)(2𝑛 + 5) − ∑ 𝑡𝑖(𝑡𝑖 − 1)(2𝑡𝑖 + 5)]
𝑚
𝑖=1           (4) 
where n is the total number of data points, m is the number of tied groups, ti is the 
number of observations in the ith group. For example, {1, 3, NA, 3, NA, 3}, we have n=6, 
m=2, t1=2 for NA, t2=3 for the value 3.  
The MKT’s Z statistic is computed when both S value and VAR(S) are calculated and 
shown as Equation 5.  
                            
𝑆−1
√𝑉𝑎𝑟(𝑆)
, if S > 0 
   Z =         0,         if S = 0                                                                        (5) 
                           
𝑆+1
√𝑉𝑎𝑟(𝑆)
,  if S < 0 
A positive Z value indicates an upward trend, and a negative Z value indicates a 
downward trend (Gilbert, 1987). A near zero Z value indicates no overall difference 
between later and earlier data. In a two-tailed test, null hypothesis is rejected if absolute Z 
value is greater than Z1-/2, where Z1-/2 is obtained from Table A1 (Gilbert, 1987).  
Long-term annual mean, 98th percentile and daily maximum GLO trends have been 
detected by MKT in 214 Mediterranean GLO monitoring stations during 2000-2010 
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(Sicard et al., 2013). Significantly decreasing annual mean GLO concentrations (-
0.43%/year) were detected at rural sites suggesting emission reductions of NOx and VOC. 
However, increasing annual mean GLO concentrations were found in urban and suburban 
sites (0.64%/year and 0.46%/year, respectively) indicating the decrease of NO titration 
resulting from emission reduction of NO. Significantly decreasing GLO concentrations at 
98th percentile level was observed in rural and urban sites with -1.3%/ year and -1.2%/ 
year, respectively. This is once again due to emission reductions of NOx and VOC in EU 
since the 1990s (Sicard et al., 2011).  
MKT has been used to detect seasonal GLO, NO, CO, temperature and relative 
humidity trends at urban sites in Kolkata, India during 2002-2011 (Chaudhuri & Dutta, 
2014). Four seasons were classified as pre-monsoon (March-May), summer monsoon 
(June-September), post-monsoon (October-November) and winter (December-February). 
MKT indicates that increasing GLO concentrations were observed in all seasons in 
Kolkata, India. More specifically, greater positive S values were observed in pre-monsoon, 
winter and post-monsoon season, whereas lower positive S value was observed in summer. 
Increasing lightening flash rates resulting high level of NOx concentrations in ambient 
were observed in pre-monsoon. Consequently, photochemical production of GLO is 
increased as abundant NOx participated in reactions. 
       Sen’s method has been used to estimate slopes of trends when the trend has detected 
by MKT (Gilbert, 1987). Sen’s method is particular useful when seasonality or outliers 
present in a dataset. However, missing data would result in adversely effects on slope 
estimations. Sen’s method calculates median slope among all the slopes of the sample 
points. Estimation of N’ pairs of Sen’s slopes Q is shown in Equation 6. 
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   𝑄𝑖 =
𝑋𝑗−𝑋𝑘
𝑗−𝑘
, i=1, 2, 3…N, (j>k)                                                           (6) 
where xj and xk are the data values at times j and k, respectively; N is the total number 
of slope estimates Q, and N=(n)*(n-1)/2; n is the total number of date observations. 
Sen’s slope is the median of N pairs of Qi value and is shown in Equation 7. The sign 
of Sen’s slope represents whether an upward or downward trend (Gilbert, 1987). 
                                Qmed=Q[(N+1)/2], if N is odd 
Qmed =                                                                                                   (7) 
                    Qmed=(Q[(N/2)+Q[(N+2)/2]]/2, if N is even 
 
MKT has been used to detect long-term GLO trends in seven major cities in Korea 
from 1989 to 2010 (Susaya et al., 2013). Sen’s method has been used to estimate slopes of 
seasonal GLO trends. The greatest increasing GLO concentrations was observed in May 
in Inchon at 1.25 ppb/year, whereas the lowest increasing GLO concentrations were 
observed in January in Seoul at 0.15 ppb/year. Increasing GLO concentrations in the spring 
and summer (April to June) were significantly higher than those in the fall and winter 
suggesting strong photochemical activities in spring and summer with abundant NOx and 
VOC concentrations in the ambient. In addition, increasing springtime GLO 
concentrations in Korea are also attributed to regional transport of polluted air mass from 
China (Pochanart et al., 2015). Decreasing GLO concentrations were observed in July 
suggesting suppressed photochemical reactions with greater amount of cloud cover 
(Susaya et al., 2013). 
MKT has been used to detect long-term GLO trends in nine rural sites in France during 
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1995-2003 (Sicard et al., 2009). Sen’s method has been used to estimated slopes of long-
term GLO trends. Slightly increasing annual mean GLO concentrations have detected at 
0.6%/year in the nine sites. Later on, the nine rural sites were classified as high (>1000m) 
and low (<1000) altitude sites separately. Decreasing and increasing annual mean GLO 
concentrations were detected in low and high altitude sites with -0.48%/year and 
1.75%/year, respectively. Increasing GLO concentrations in high altitude sites are mainly 
due to stratospheric-troposphere O3 exchange. Decreasing GLO concentrations at 98 
percentile levels were -1.0%/ year among all sites during the study period suggesting 
emission reductions of NOx and VOC in EU since the 1990s (Sicard et al., 2009). 
The Hilbert-Huang transform (HHT) analysis was initially design to decompose a 
complicated signal into various monotonic components, however it has been applied to 
decompose atmospheric composition data into several periodicities in the time series by 
Xu et al., (2016). The HHT analysis is a combination of empirical mode decomposed 
(EMD) and Hilbert spectrum analysis. EMD has been used to decompose nonlinear and 
non-stationary time series data into several oscillation modes of “intrinsic mode functions 
(IMF)” and one residue (Huang et al., 1996). The IMF needs to satisfy two conditions, 1) 
number of extremes and number of zero crossings have to be equal or differ at most by 
one, 2) the mean of upper and lower envelope has to be zero. If the conditions have not 
been met, the decomposition process has to be repeated until IMF satisfies the two 
conditions. The final presentation of Hilbert spectrum is an energy-frequency-time 
distribution. So far, HHT analysis has been widely used in the fields of meteorology and 
climate (Rao and Hsu, 2008).  
       First, the envelope method is used to found the local maxima and minima in data 
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separately. Once local maxima and minima are found, a cubic spline is used to connect all 
local maxima to obtain an upper envelope. Same procedure is used to connect all local 
minima to obtain a lower envelope. All data should be covered by upper and lower 
envelopes. The first sifting result h1 is shown in Equation 8 (Huang et al., 1996). 
   𝑋(𝑡) − 𝑚1 = ℎ1                                                                                              (8)                                          
       where X(t) is the original time series data, m1 is the mean of upper and lower envelopes, 
and h1 is the first sifting result. The h1 is considered to an IMF, only if h1 satisfies the two 
requirements of IMF. Otherwise, a second sifting process needs to be performed and shown 
in Equation 9. 
   ℎ1 − 𝑚11 = ℎ11                                                                                              (9) 
where h1 is the data from the first sifting process, m11 is the mean of upper and lower 
envelopes in the data h1. The sifting process is repeated k times until h1k is an IMF (10). 
                ℎ1(𝑘−1) − 𝑚1𝑘 = ℎ1𝑘                                                                                    (10) 
       Then h1k is designated as the first IMF component from the data and shown in 
Equation 11.  
                𝑐1 = ℎ1𝑘                                                                                                           (11) 
where c1 is the first IMF. In order to ensure that IMF keeps enough information of 
both amplitude and frequency modulations, a criterion for sifting process to stop is set. 
This can be achieved by setting the size of the standard deviation, which is determined 
from two consecutive sifting results in Equation 12. A typical SD value is set between 0.2 
and 0.3.  
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               𝑆𝐷 = ∑[
|(ℎ1(𝑘−1)(𝑡) − (ℎ1𝑘(𝑡)|
2
ℎ1(𝑘−1)
2 (𝑡)
]
𝑇
𝑡=0
                                                         (12) 
Overall, c1 should contain the shortest period component of the data. Then c1 is 
separated from the data and obtained the residue r1. The expression is shown in Equation 
13. 
               𝑋(𝑡) − 𝑐1 = 𝑟1                                                                                                (13) 
       Since the residue r1 still contains information of longer period components, r1 is 
treated as new dataset and to conduct the same sifting process as described above and 
shown in Equation 14.  
  𝑟1 − 𝑐2 = 𝑟2, … , 𝑟𝑛−1 − 𝑐𝑛 = 𝑟𝑛                                                                 (14)       
       The sifting process can either be stopped by when SD value is within the 
predetermined SD value, or when a residue (rn) becomes a monotonic function and no 
residue can be extracted.  
       Finally, by adding up Equation13 and 14, a decomposition of the data into n IMFs and 
one residue (rn) has been achieved in Equation 15. The residue can be either the mean 
trend or a constant.  
               𝑥(𝑡) =  ∑ 𝑐𝑗 + 𝑟𝑛 
𝑛
𝑗=1
                                                                                      (15) 
       A GLO study in Mt Waliguan station, China has applied HHT analysis to decompose 
time series of monthly mean GLO concentrations during 1994-2013 into five IMFs with 
different characteristic timescales and a residue (Xu et al., 2016). The gap filling of missing 
monthly GLO concentrations has performed in the study site, because HHT analysis 
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requires a complete, even-spaced data series. The first IMF shows an oscillation of GLO 
signal with the highest frequency. The second IMF shows the seasonal variation of GLO 
concentrations. The third and fourth IMFs show 3-4 and 7-year oscillation of GLO 
concentrations, respectively. The fifth IMF exhibits an 11-year oscillation of GLO 
concentrations. The residue revealed that GLO concentrations at Mt Waliguan were 
significantly increased during 1997-2013. 
       In addition, a segment analysis has been conducted on the fifth IMF to screen out local 
maxima (Xu et al., 2016). The fifth IMF has been separated into four segments. Trend and 
slope of each segment has been identified by MKT and Sen’s method, respectively. The 
first segment lasted three years (1994-1997), a downward (-0.27 ppb/year) but non-
significant GLO trend was found. The second segment lasted for five years (1997-2002), 
significantly increasing GLO concentrations (0.42 ppb/year) were detected. The third 
segment lasted for 6 years (2002-2008), significantly decreasing GLO concentrations (-
0.3 ppb/year) were observed. The last segment lasted for five years (2008-2013), a 
significant upward GLO trend was detected (0.36 ppb/year). However, the causes of four 
segments still need further investigation.  
 
2.4 Similarity of GLO concentrations among monitoring stations 
       The similarity analysis has been performed to investigate regional transport of air 
pollution (Kindziershi et al., 2009; Kavouras et al., 2013; Jing et al., 2014). Pearson 
correlations, coefficient of divergence and cluster analysis are commonly used in similarity 
study.  
       Pearson correlation has been used to measure the strength of linear relationship 
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between two variables (Mendenhall, 2006). The correlation coefficient (r) is an indication 
of strength of the linear relationship between two variables. A positive r indicates two 
variables increase or decrease together. A negative r indicates that one variable increases, 
and another decreases. A near zero r indicates that there is no linear relationship between 
two variables.  
GLO concentrations in the greater Chicago area were frequently exceeded the 
NAAQS in summer during 2005-2013 (Jing et al., 2014). Twenty-three GLO monitoring 
stations have been selected in the greater Chicago area. Correlation coefficients of 8-hour 
max GLO concentrations have been calculated between any two sites. Pearson correlation 
coefficients of GLO concentrations ranged from 0.71 to 0.94. GLO concentrations in 
nearby monitoring stations were highly correlated. Whereas, the lowest correlation 
coefficient was observed in the two sites, that furthest apart in the south-north direction. 
Overall, GLO in the twenty-three monitoring stations exhibited a good agreement of 
temporal variability of GLO concentrations. 
       Coefficient of divergence (COD) has been used to determine spatial homogeneity of 
data in different sites (Jing et al., 2014). The expression of COD is shown in Equation 16.  
               𝐶𝑂𝐷𝑗𝑘 = √
1
𝑝
∑ [
(𝑥𝑖𝑗−𝑥𝑖𝑘)
(𝑥𝑖𝑗+𝑥𝑖𝑘)
]2𝑝𝑖=1                                                               .(16) 
       where xij and xik represent the monitored values for sampling day i at monitoring site 
j and k, and p is the number of observations. COD values vary from 0 to 1. COD values 
close to zero indicate a spatial homogeneity of GLO concentrations between two sites. 
COD values close to one indicate a spatial heterogeneity of GLO concentrations between 
two sites (Kavouras et al., 2013).  
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In the same GLO study in Chicago, COD values of 8-hour max GLO concentrations 
have been calculated between any two sites (Jing et al., 2014). COD values ranged from 
0.04 to 0.13. The COD value less than 0.2 indicates that GLO concentrations are spatial 
homogeneous in a region (Jing et al., 2014). Furthermore, low COD values indicated that 
a central site was representative of the entire greater Chicago area.  
COD values of GLO concentrations among the seven GLO sites in Treasure Valley, 
Idaho have been calculated (Kavouras et al., 2013). COD values ranged from 0.06 to 0.17 
suggested an overall spatial homogeneity of GLO concentrations. Low COD values of 
GLO among seven sites suggested common GLO characteristics by site. 
Cluster analysis is another commonly used method in similarity studies. Cluster 
analysis has been used to identify objects in a group whether similar or different from the 
objects in other groups (IBM SPSS, 2011). Cluster analysis classifies variables into groups 
based on data that describe their relationship. The better distinct clustering is based on 
greater similarity of objects within a group and greater differences in objects between 
groups. There are three types of clustering, hierarchical clustering, k-means clustering and 
two-step clustering. Selection of cluster analysis method is based on size of dataset, types 
of variables and purposes of analysis (IBM SPSS, 2011). 
Hierarchical clustering is the simplest method and is conducted with a smaller dataset 
(IBM SPSS, 2011). Agglomerative hierarchical clustering starts with each individual 
variable and ends with one cluster. Divisive hierarchical clustering starts with one cluster 
and ends up with individual variable. Three steps to conduct hierarchical analysis, 1) to 
determine similarity or distance between variables, 2) to decide which variables are 
merged prior, and 3) to decide number of clusters best describe dataset based on purposes 
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of study.  
K-means clustering is extracted from the hierarchical clustering (IBM SPSS, 2011). 
K-means clustering is a prototype-based technique that attempts to find a user-defined 
number of clusters. K-mean cluster often works well, but is only practical when 1) sample 
size is small (a few hundred to a few thousand), 2) K is relative small compare to sample 
size.  
Two-step clustering is conducted when dataset are relatively large (IBM SPSS, 2011). 
The individual variable is assigned to “pre-clusters”, and then the “pre-clusters” are 
clustered by hierarchical clustering algorithm. Two-step clustering is applied when both 
categorical and continuous data are presented in the dataset. 
Hierarchical cluster analysis has been used to classify the eight GLO monitoring 
stations in Spain into homogeneous subareas (Pavon-Dominguez et al., 2014). K-means 
cluster analysis was conducted subsequently after a hierarchical cluster analysis. The k is 
equal to the number of clusters obtained by hierarchical cluster analysis. Three subareas 
were classified by k-means cluster analysis. Cluster 1 consisted of three sites (Mairena, 
Alcala and Dos Hermanas) as a very high GLO concentrations subarea at downwind of 
several primary emission sources. Primary pollutants are mainly emitted from road 
vehicles and industrial activities. Cluster 2 consisted of four sites (Centro, Santa Clara, 
Bermejales and San Jeronimo) as a high GLO concentrations area at a mixture of urban 
and industrial region. Cluster 3 consisted of only one site (Torneo) as mid-level GLO 
concentration nearby a high traffic road. 
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2.5 Effects of meteorological parameters on GLO concentrations  
       GLO is a secondary air pollutant, thus, formation and transportation of GLO is highly 
depended on meteorological conditions (MOE, 2013). A GLO study in Chicago has 
demonstrated that 53% of variance in GLO concentrations is explained by meteorology 
(Jing et al., 2014). Associations between GLO concentrations and meteorological 
parameters (e.g. temperature, wind directions, relative humidity and pressure) have been 
extensively investigated (Xu et al., 1996; Geddes et al., 2009; Roberts-Semple et al., 2012; 
Jing et al., 2014; Toro et al., 2015).  
 A GLO study in Toronto has demonstrated that high GLO episodes were associated 
with high ambient temperatures (Geddes et al., 2009). Strong solar radiation and high 
ambient temperatures in summer enhance photochemical reactions as well as increases 
local biogenic VOC emissions. Number of days with 8-hour max GLO concentrations 
above 65 ppb was closely correlated with number of daily max temperatures above 30°C 
in the northern Toronto during 2000-2006. Moreover, high temperatures in Toronto were 
associated with southerly flows during the same period. Therefore, it is also possible that 
associations between high GLO concentrations and high temperatures were driven by 
regional transport of GLO from upwind-polluted areas. 
 In order to investigate associations of high GLO concentrations and regional 
transported air mass from upwind-polluted areas. GLO concentrations by wind directions 
have been calculated in Hong Kong in 1996 (So and Wang, 2003). Low GLO 
concentrations were associated with southerly flows suggesting southerly flows brought 
in clean oceanic air and rainy weather. In contrast, high GLO concentrations were 
associated with northerly flows suggesting northerly flows brought in polluted air mass. 
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Another GLO study in Toronto has plotted GLO pollution rose in summer (June to 
September) of 1977 (Chung et al., 1977). High GLO concentrations (>60 ppb) at Toronto 
were closely associated with southwesterly flows. In contrast, lower GLO (<60 ppb) 
concentrations have been observed when air mass was randomly distributed. Therefore, it 
is clear that high GLO concentrations in Toronto in summer were closely associated with 
southwesterly flows originated from industrial state in Midwest of the US. 
A GLO study in Chicago has demonstrated that GLO concentrations were negatively 
correlated (r=-0.19) with relative humidity (Jing et al., 2014). This is partially caused by 
inverse relationship between relative humidity and ambient temperatures. In addition, a 
GLO study in southern Taiwan has demonstrated that high relative humidity implies more 
water vapor in the air (Chen et al, 2012). GLO destruction would occur when an excited 
oxygen atom reacts with water. Furthermore, water vapor would enhance removal of short-
lived radicals (HOx) in the air. Short-lived radicals are essential for GLO formations (Chen 
et al., 2012). Another GLO study has demonstrated that an increase of relative humidity in 
the atmosphere reduce amount of solar radiations reaching on the earth’s surface 
(Jayamurugan et al., 2013). Overall, an increase of relative humidity would result in a 
decrease of GLO concentrations. 
       Correlation coefficients between GLO concentrations and atmospheric pressure have 
been calculated in many GLO studies (Roberts-Semple et al., 2012; Li et al., 2014; Jing et 
al., 2014). However, there is no final agreement on associations between GLO 
concentrations and atmospheric pressure. A GLO study in Chicago has demonstrated that 
GLO concentrations were not correlated with atmospheric pressure (Jing et al., 2014). In 
contrast, a GLO study in New Jersey has reported that GLO concentrations were 
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negatively correlated with atmospheric pressure (R2=0.499) (Roberts-Semple et al., 2012). 
Moreover, associations between Air Pollution Index (API) and atmospheric pressure were 
investigated in Guangzhou, China (Li et al., 2014). This study has demonstrated a positive 
relationship between API and atmospheric pressures. When an area is controlled by a low 
atmospheric pressure, air in the lower atmosphere are more likely to rise. Consequently, 
air pollutants rise to higher attitudes would result in dispersion and dilution of pollutants. 
In contrast, when an area is controlled by a high atmospheric pressure, air becomes stable 
and dispersion and dilution processes are weakened.  
 
2.6 Regional transport of GLO 
The lifetime of GLO varies from one to few days in the free troposphere, allows GLO 
transport regionally with air mass (Sicard et al., 2013). MOE has demonstrated that in 
Ontario more than 50% of GLO were regionally transported from the US (MOE, 2010a). 
A GLO study in Toronto has demonstrated that GLO concentrations were the highest when 
air mass regionally transported from the southwest direction (Geddes et al., 2009). 
Moreover, several GLO studies have demonstrated that higher GLO concentrations were 
measured in remote rural sites rather than in polluted urban centers (Zheng et al., 2010; 
Toro et al., 2014).  
Air trajectory obtained from modeling simulation has been extensively used to 
investigate regional transport of air pollution. Hybrid-single Particle Lagranian Integrated 
Trajectory (HYSPLIT) is developed by Air Resources Laboratory (ARL) under the 
National Oceanic and Atmospheric Administration (NOAA) (ARL, 2015a). Air trajectory 
can either be simulated on web-based or PC platform. Two trajectory directions are 
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backward and forward. Backward trajectory indicates the past path of air mass (ARL, 
2015b). Forward trajectory indicates the future path of air mass. Normal trajectories, 
trajectory matrix, and trajectory ensemble are the three types of air trajectories. Normal 
trajectory generates only one trajectory per run by selecting a specific location and 
meteorological data. Trajectory matrix creates a grid of trajectories bounded by two start 
locations. In the grid, bunch of trajectories are evenly distributed. Trajectory ensemble is 
another multiple trajectory approach. However, all trajectories start at the same location 
without offsetting. Each trajectory is generated by offsetting of meteorological data in 
three dimensions. A total of 27 air trajectories is created in one location (ARL, 2015b).  
 Backward air trajectory has been used to identify originations of regional transported 
air mass (Shan et al., 2009; Wang et al., 2010; Huang et al., 2012). Four-day backward 
trajectory has been simulated once a day during high GLO episodes in Jinan, China in 
2004 (Shan et al., 2009). The start time of each backward trajectory is 14:00 local time 
when daily maximum GLO concentrations occur during a day. Backward trajectories were 
classified into six groups based on originations of air mass. The six groups are northwest, 
north, continental vicinity, southwest, marine vicinity, and southeast. GLO concentrations 
and meteorological parameters in the six groups were calculated during the study period. 
Low GLO concentrations were observed when air mass originated from marine vicinity 
suggesting oceanic flows brought in relative “clean” air mass. In addition, high relatively 
humidity (71.1%), rainfall percentage (50%) and shorter sunshine (4.6 h) were found in 
marine vicinity suggesting unfavorable condition for GLO formation. In contrast, high 
GLO concentrations were observed when air mass originated from continental vicinity. 
Meteorological parameters in the groups were low in wind speeds (2.2 m/s), high in 
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ambient temperature (32 °C) and sufficient sunshine (7.2 h). Therefore, high GLO 
concentrations were caused by local production, pollutant accumulations as well as 
regional transport of pollutants from Yangtze Delta region. 
 Another GLO study has simulated three-day backward air trajectories once a day in 
Pearl River Delta (PRD) in China during 2006-2007 (Zheng et al., 2010). The start time 
of each trajectory is 8:00 local time (midnight UTC). All air trajectories have been 
classified into three categories, continental, coastal and maritime regions based on where 
air mass originated. Lower GLO concentrations (50.9 ppb) have been observed when air 
mass originated from maritime regions suggesting air mass from South China Sea brought 
in clean oceanic air mass. Higher GLO concentrations have been observed when air mass 
transported from costal (72.6 ppb) and continental regions (69.9 ppb). This is mainly due 
to anthropogenic emissions of NOx and VOC were regionally transported from outside of 
the PRD. Overall, emission sources within the PRD region and outside the region both 
played a critical role on increasing GLO concentrations in the PRD region.  
 Three-day backward air trajectories have been simulated during high GLO episodes 
in northwestern Iberia Peninsula from to investigate regional transported GLO during 
2002-2007 (Saavedra et al., 2012). Twenty-two of high GLO episodes have been identified 
during the study period. Air trajectories were classified into five categories based on air 
mass transport routes: Mediterranean-Peninsular, South Atlantic-Portuguese, French-
Cantabria, internal/regional, and British routes. The most common episodes were from 
Mediterranean-Peninsular (32%), followed by South Atlantic-Portuguese (27%) and 
regional/internal (18%). Mean GLO concentrations in the five categories were statistically 
similar and ranged from 86 to 90 ppb. This is due to that GLO is photo-chemically 
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produced within the Iberia Peninsula. 
 
2.7 GLO epidemiology study 
Breathing of GLO would cause several adverse health effects, such as induction of 
respiratory symptoms and inflammation of airway and outer layer of skin. Associations 
between ambient GLO concentrations and hospital emergency department visits have been 
investigated (Mulholland et al., 1998; Fung et al., 2005; Szyszkowicz et al., 2012).  
       Associations between GLO concentrations and pediatric asthma exacerbation have 
been investigated in Atlanta during 1993-1995 (Mulholland et al., 1998). During the study 
period, the Atlanta O3 nonattainment areas have estimated to expand from 56% to 88% by 
area, and expanded from 71% to 96% by population. A total number of 128,969 pediatric 
patients visited emergency departments at five participating hospitals on summer (June-
August) during the study period. Among all pediatric patients, 4.6% had been diagnosed 
as asthma. Regarding pediatric asthma exacerbation, 20 ppb increases of GLO 
concentration results in a 4% increase of pediatric asthma. Due to the collinearity of GLO 
and other ambient air pollutants, the result should be driven as an association of asthma 
with air quality in general. Because personal exposure time to ambient air pollutants is 
essentially for epidemiological studies, lack of information of personal exposure is the 
limitations of this study.  
Emergency visit for inflammation in outer layer of skin and eyelid link to GLO 
concentrations have been studied in Edmonton, Canada during 1992-2002 (Szyszkowicz 
et al., 2012). During the study period, a total number of 3 million emergency department 
visits were recorded. Among all patients, 1.4% was inflammation in superficial skin and 
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eye. A case-crossover design has been used to determine the odds ratio of skin emergency. 
GLO appears to have immediate effect on superficial skin. However, delay effects of 
dermatitis and eczema is observed. For all patients, there is no lag day of skin rash and 
eruption, lags 2 days of dermatitis and eczema, lags 4 days of urticaria, and lags 5 days of 
unspecified conjunctivitis. Lack of collecting individual exposure time is the limitation of 
this study. 
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CHAPTER 3 METHODOLODGY  
3.1 Station selection 
3.1.1 Windsor, Ontario 
       The city of Windsor is located in the southernmost Ontario on the Canada-US border, 
across the Detroit River from the city of Detroit. Windsor has a population of 210,891 
within a small geographical area of 120.6km2 (Luginaah et al., 2006; Statistics Canada, 
2012). The Ambassador Bridge is one of the busiest Canada and U.S. border crossing 
(PBOA, 2015). Therefore, Windsor is affected by large volumes of commercial truck 
traffic. There are several industrial facilities located in Windsor, such as automobile 
manufacturing and metal process plants (Wheeler et al., 2011). Furthermore, Windsor is 
downwind of several strong polluters in Midwest of the US (MOE, 2013). Thus, air quality 
in Windsor is affected by both local and regional transported air pollution (Wheeler et al., 
2011). A community of health profile demonstrated that mortality and morbidity rates from 
various cancers and respiratory diseases were higher in Windsor than other cities in 
Ontario (Luginaah et al., 2006). There are two NAPS monitoring stations in Windsor, 
Windsor Downtown and Windsor West, located 4 kilometers apart and showed in Figure 
3-1 (EC, 2013). Windsor West was selected as a study site, because a 30-consecutive day 
of missing GLO data were observed in Windsor Downtown from April 1 to April 30 in 
2005 (MOE, 2010b).   
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Figure 3-1. GLO monitoring stations in Windsor, Ontario. (Base maps adapted from 
Google Maps, coordinates of the two monitoring stations obtained from MOE, 2010b). 
 
3.1.2 Michigan and Ohio, U.S. 
Southern Ontario has been identified as one of the severest GLO pollution regions in 
Canada (MOE, 2013), because Windsor is downwind of several polluters in the Midwest 
of the US. Therefore, the five US GLO monitoring station in the upwind industrial states 
of US were selected to investigate regional transport of GLO in Windsor. The five US 
GLO monitoring stations were selected in two states of the US, Michigan and Ohio. Two 
sites were selected in Michigan, Allen Park and Lansing. Three sites were selected in Ohio, 
Erie, Delaware and National Trail School. The selection of the five US sites is based on 1) 
upwind of Windsor, 2) located within 400km with Windsor, 3) a good GLO and other air 
pollutants data availability during the study period of 1996-2015. Parameters of the 
selected sites are presented in Table 3-1 (MOE, 2010b, USEPA, 2015c). Locations of all 
six GLO sites in the study are shown in Figure 3-2.  
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Table 3-1. Parameters of selected sites 
Site name Site ID 
Province/ 
States 
Latitude 
(degree) 
Longitude 
(degree) 
Elevation 
above sea 
level (m) 
Site type 
Windsor 
West 
12016a Ontario 42.292889 
-
83.073139 
180 Urban 
Allen Park 261630001b Michigan 42.22862 -83.2082 181 Suburban 
Lansing 260650012b Michigan 42.738618 
-
84.534633 
268 Urban 
Erie 390950024b Ohio 41.644067 -83.54625 176 Urban 
Delaware 390410002b Ohio 40.356694 
-
83.063971 
275 Rural 
National 
Trail School 
391351001b Ohio 39.83562 -84.72049 357 Rural 
Superscript “a” denotes stations from MOE network 
Superscript “b” denotes stations from USEPA network 
 
 
Figure 3-2. GLO monitoring stations in Windsor and the five US sites. (Base maps adapted 
from Google Maps, coordinates of the six monitoring stations obtained from MOE, 2010b, 
USEPA, 2010c). 
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Michigan is a Midwestern state bordering four of the Great Lakes. Michigan has a 
population of 9.9 million within an area of 250,493 km2 (DTMB, 2015). In 2011, mobile 
sector (62%) contributed the largest NO2 emissions, followed by fuel combustion (26%) 
and industrial process (8%) (DEQ, 2015). Higher NO2 emissions were observed at Lower 
Peninsula than in Upper Peninsula, because Lower Peninsula has been considered as the 
center of manufacturing and with higher population density (CEP, 2006). In 2011, 55% of 
VOC emissions were contributed by biogenic sector, followed by mobile sector (23%) and 
solvent usage sector (9%) (DEQ, 2015). Upper Peninsula consists of abundant of natural 
resources. However, VOC emissions in the Lower Peninsula were higher than Upper 
Peninsula. The two monitoring stations selected in Michigan were Allen Park and Lansing.  
Ohio is in the Midwestern US, bordered by Michigan, Indiana and Pennsylvania. Ohio 
has a population of 11.6 million within an area of 116,096 km2 (ODSA, 2013). In Ohio, 
31 out of 32 counties showed 8-hour max GLO below 75 ppb of NAAQS for GLO during 
2012-2014 (OEPA, 2015). Whereas, the only one non-attainment counties were found in 
Lake County. Ohio acts as the transportation junction to connect the northeast and the 
Midwest states of U.S cargo, and there are several highway transportations passing through 
Ohio. Major industries in Ohio include automotive, steel production, aerospace. Three 
GLO sites selected in Ohio were Erie, Delaware and National Trail School (NTS). 
 
3.2 Data sources 
       Hourly GLO concentrations in Windsor West from 1996 to 2015 were obtained from 
Ontario Ministry of Environment and Climate Change website. The Province of Ontario 
believes that the material is accurate and reliable when posted to the Website (Queen 
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Printer for Ontario, 2010). Hourly GLO concentrations in the five U.S. sites in smog 
season during 1996-2012 were collected from Air Quality System (AQS) (USEPA, 2014b). 
Hourly GLO concentrations in the five U.S. sites during 2013-2015 were obtained from 
the AirData website (USEPA, 2015c). GLO data posted by U.S. Environmental Protection 
Agency went through data verification and validation processes (USEPA, 2002).  The 
hourly GLO data availability in all six sites is shown in Appendix A (Table A1).  
       Smog season 8-hour max GLO concentrations for the five US sites during 1996-2012 
were collected on the AirData website (USEPA, 2015c). Since 2013, 8-hour max GLO 
concentrations have been replaced with 8-hour mean GLO concentrations on the AirData 
website (USEPA, 2015c). Eight-hour max GLO concentrations in Windsor were calculated 
from hourly GLO concentrations based on the “Guideline on data handling conventions 
for the 8-hour ozone NAAQS” (USEPA, 1998). The 8-hour max GLO data sources in all 
six sites are shown in Appendix A (Table A2).  
       Hourly meteorological parameters during 1996-2015 at Windsor Airport stations were 
collected from the National Climate Data and Information Archive operated by 
Environment Canada (EC, 2015). Windsor Airport is the only meteorological monitoring 
stations in Windsor that provides hourly meteorological data. Windsor Airport stations is 
located at approximately 10km southeast of Windsor West. Hourly meteorological 
parameters consist of temperature, dew point temperature, relative humidity, wind 
direction, wind speed, visibility, atmospheric pressure and weather.  
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3.3 Data treatments 
3.3.1 Hourly GLO concentrations in Windsor and the five US sites 
       In Windsor West, raw hourly GLO data were stored in comma-separated value (CSV) 
files by year. CSV files were opened in EXCEL by selecting comma as a delimiter. Hourly 
GLO data were stored in matrix of 365day*24hour. Missing and invalid data points were 
flagged as “-999” and “9999”, respectively. Missing data points were caused by 
instrumentations off-line or power failures (OMAQMO, 2008). Invalid data points were 
caused by equipment malfunctions. Zero data points were due to GLO concentration below 
instrument detection limits. The objectives of data treatment are to remove data flags, and 
reformat data matrix for statistical analysis. Numbers of missing, invalid and bank cells in 
the dataset are shown in Appendix B (Table B1). The following six steps were used to 
perform data treatment on raw hourly GLO files in Windsor. 
1) The “count” function was used to count number of GLO data points by year. 
2) The “countif” function was used to count number of missing data points (-999), 
invalid data points (9999) and zero data points appeared in raw hourly GLO files.  
3) Long chain (>24 consecutive hours) of missing and zero data points were recorded 
in Appendix C (Table C1) 
4) The “replace” function was used to substitute flags (-999 and 9999) with blank cell 
in raw hourly GLO files.  
5) Treated hourly GLO concentrations matrix was imported to MINITAB worksheets. 
The “stack” function was used to rearrange GLO data matrix to one column. 
6) The same procedure was used to rearrange date and hour columns in order to match 
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hourly GLO data.  
Since 2013, Ontario MOE has archived hourly GLO data in “HTML” format instead 
of the former “.CSV” format (MOE, 2010b). The new “HTML” file rearranged hourly 
GLO data into one column format. Thus, data treatment for hourly GLO concentrations 
collected after 2012 do not require the rearrange steps.  
       When percentages of total missing data points and invalid data points are above 40% 
(3504hours/8760hours) in a year, GLO data in that year are considered as invalid and will 
be excluded from future statistical analysis. 
       In the US, smog season raw hourly GLO data are archived in text file and compressed 
by year. The text files were too large to open in EXCEL. Therefore, the “Text File Splitter” 
software was used to split a text file into several smaller files. The split text files were 
opened in EXCEL by selecting a vertical bar as delimiters. Hourly GLO data in the five 
US sites were extracted by state code, county code and site number. Hourly GLO data in 
the five US sites were stored into EXCEL worksheets by year and site. The “countblank” 
function was used to count number of blank cells (invalid and missing data) in worksheets. 
The “countif” function was used to count number of zero data points in worksheets. The 
number of blank cells and invalid data points in the five US sites are listed in Appendix B 
(Tables B2-B6) 
Numbers of zero data points by hour-of-day were counted in smog season during the 
study period. Numbers of zero data points by hour-of-day are shown in Appendix C (Table 
C2) demonstrated that majority (>94 %) of zero data points were found during the 
nighttime (20:00 to 6:00) in all six sites. Thus, zero data points are retained in files. 
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3.3.2 Eight-hour max GLO concentrations in Windsor and the five US sites 
       Smog season 8-hour max GLO concentrations in Windsor were calculated based on 
the “instruction of 8-hour GLO handling conventions” by USEPA (USEPA, 1998). Eight-
hour mean GLO concentrations were calculated at the start hour and the following 
consecutive seven hourly GLO concentrations. For example, 8-hour mean GLO at 1 pm is 
the averaging from 1 pm to 8 pm. The following three steps were used to calculate smog 
season 8-hour max GLO concentrations in Windsor. 
1) Eight-hour mean GLO concentrations were calculated in each hour in the year. 
Eight-hour mean GLO concentrations were only valid if there are at least six hourly 
GLO data presented (USEPA, 1998).  
2) In case, that less than six hourly GLO concentrations were presented when 
calculating 8-hour mean GLO concentrations; 0.5 ppb (one-half of minimum 
detection limitation) was used to substitute the missing GLO concentrations (CEPA, 
2006). After substitutions, the 8-hour mean GLO concentration is valid if 8-hour mean 
GLO concentration is greater than 80 ppb. Otherwise, the 8-hour mean GLO 
concentration is invalid. 
3) When all the 24 possible 8-hour mean GLO concentrations were calculated in a day, 
the “max” function was used to identify the largest 8-hour mean GLO concentrations 
in a day. The largest 8-hour mean GLO is only valid at least 18 of 24 possible 8-hour 
mean GLO concentrations are available in a day. 
       Smog season 8-hour max GLO concentrations in the five US sites during 1996-2012 
were obtained on the AirData website (USEPA, 2015c). Invalid GLO data points and their 
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date was not shown in raw GLO files. Therefore, the “merge” function was used to identify 
the missing dates and invalid 8-hour max GLO data in raw files. 
Smog season eight-hour max GLO concentrations during 2013-2015 have replaced by 
8-hour mean GLO on the AirData website (USEPA, 2015c). Eight-hour max GLO 
concentrations were calculated in the following four steps.  
1) Eight-hour mean GLO concentrations were imported to MINITAB worksheets.  
2) The “maximum” and the “N total” functions under descriptive statistics were 
selected to calculate the daily max 8-hour mean GLO and to count number of 8-hour 
mean GLO concentrations in a day, respectively. 
3) If number of 8-hour mean GLO concentrations in a day is less than 18, the 8-hour 
max GLO concentration on that day was considered as invalid. 
4) The “merge” function was used to identify the missing or invalid 8-hour max GLO 
concentrations. 
 
3.4 Trend detection 
3.4.1 Linear regression method 
       Annual mean GLO concentrations in Windsor and smog season mean GLO 
concentrations in the five US sites calculated and used to identify long-term GLO trends 
during 1996-2015. Furthermore, GLO concentrations at 5th, 25th, 50th 75th and 95th 
percentile levels were calculated by site and year and used to identified the long-term GLO 
trends at different percentile levels. The “regression” function was used to calculate slopes 
of long-term GLO trends and P-values in MINITAB. P values are used to decide whether 
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trends are statistically significant. The significant level was taken as 0.05 in this study. 
Therefore, a positive or negative slope value with p<0.05 indicates increasing or 
decreasing GLO concentrations are statistically significant, respectively.  
 
3.4.2 Mann-Kendall Test and Sen’s method 
Because hourly GLO data in Windsor and the five US sites are not normally 
distributed (Appendix D), seasonal GLO trends in Windsor and the five US sites during 
1996-2015 were detected by MKT, Sen’s method was conducted subsequently to estimate 
slope of GLO trends. MKT MATLAB script was downloaded from the MathWork website 
(MathWork, 2016). The fourteen MKT output parameters are shown in Table 3-2.  
 
Table 3-2. Output parameters of MKT (MathWrok, 2016) 
Parameters Descriptions  
Taub Mann-Kendall coefficient adjusted for ties 
Tau Mann-Kendall coefficient not adjusted for ties 
H Hypothesis test (h=1: is significant; h=0: is not significant) 
Sig P value (two tailed) 
Z Z score 
Sigma Standard deviation 
Sen Sen’s slope 
Plotofshlope Data used to plot data and sen’s slope 
Cilower Lower confidence interval for sen’s slope 
Ciupper Upper confidence interval for sen’s slope 
D Denominator used for calculating Tau-b 
Dall Denominator used for calculating Tau 
C3 Individual seasonal slopes aggregated for Sen’s season slope 
Nsigma  
An assumed variance with all ties reconsidered but set to equal 
number of positive and negative differences 
The following six steps were used to identify seasonal GLO trends and slope of 
seasonal GLO trends by MATLAB software. 
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1) Hourly GLO concentrations were separated by site and month during 1996-2015, 
and stored in EXCEL worksheets. 
2) The monthly split hourly GLO concentrations were imported into MATLAB by site 
and month.  
3) Mann-Kendall test script was called in MATLAB. The name of imported seasonal 
GLO file, significant level (0.05) and a digit (0) for not to create a Sen’s plot were 
specified in a MATLAB command window.  
4) Outputs MKT results were saved in a MKT result folder. Sen’s slope, lower and 
upper confidence interval for Sen’s slope were used to plot seasonal GLO trends. 
 
3.5 Similarity of GLO concentrations among Windsor and the five US sites   
Pearson correlation, coefficient of divergence and cluster analysis were conducted to 
investigate similarity of hourly and 8-hour max GLO concentrations among Windsor and 
the five US sites in smog season during 1996-2015. The five US sites are upwind of 
Windsor. Therefore, high similarity of GLO concentrations among Windsor and the five 
US sites suggesting regional transported of GLO to Windsor. 
 
3.5.1 Correlation between GLO concentrations in Windsor and each of the five US 
sites 
       Pearson correlation coefficients of hourly, daily and monthly mean of GLO 
concentrations, and 8-hour max, monthly mean 8-hour max GLO concentrations were 
calculated between Windsor and each of the five US sites in smog season during 1996-
2015 in MINITAB. GLO concentrations were temporally matched in column by sites in 
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MINITAB worksheets. Higher Pearson correlation coefficients indicate a higher degree of 
linear dependence of GLO between the two sites. A significant level of 0.05 was used to 
identify whether linear relationship of GLO concentrations in the two sites were 
statistically significant. 
 
3.5.2 COD between GLO concentrations in Windsor and each of the five US sites 
       Hourly and 8-hour max GLO concentrations were used to calculate COD values 
between Windsor and each of the five US sites in smog season during 1996-2015. Missing 
and zero data points were screened out when calculating COD values. Higher COD values 
indicate spatial heterogeneity of GLO concentrations. The following three steps were used 
to calculate COD values in EXCEL.  
1) Hourly and 8-hour max GLO concentrations between the two sites were 
temporally matched in an EXCEL worksheet.  
2) The “sort” function was used to sort GLO concentrations in each site from the 
smallest to the largest. In order to delete blank and zero data points in both sites. 
3) COD values were calculated in an EXCEL worksheet using Equation 8. 
 
3.5.3 Cluster analysis of GLO concentrations among all six sites 
       Hierarchical clustering analysis was used to classify the six sites into subareas based 
on hourly and 8-hour max GLO concentrations in smog season during 1996-2015. Sites 
with homogeneous GLO concentrations were prior clustered. The hierarchical clustering 
diagram was used to illustrate the arrangement of clusters. The following three steps were 
used to conduct cluster analysis in MINITAB. 
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1). GLO concentrations in all sites were temporally matched and listed by columns in 
a MINITAB worksheet. 
2). The “cluster variables” function under the “stat” was selected to conduct cluster 
analysis.  
3). GLO concentrations in all six sites were selected as the six variables, “Ward” and 
“Correlations” were selected as linkage method and distance measure, respectively.  
 
3.6 Temporal variability of GLO concentrations 
       Daily, monthly and annual mean of hourly GLO concentrations in Windsor and the 
five US sites were calculated in smog season during 1996-2015 in MINITAB. Diurnal, 
seasonal variability of GLO concentrations were calculated in Windsor and the five US 
sites during the same period. Weekdays, Saturday, and Sunday mean GLO concentrations 
were calculated. The analysis of variance (ANOVA) was used to check the statistical 
difference in mean GLO concentrations in hour-of-day, day-of-week and month-of-year. 
 
3.7 Meteorological effects on GLO in Windsor 
3.7.1 Associations between GLO concentrations and meteorological parameters 
       Pearson correlation coefficients were calculated between GLO concentrations and 
meteorological parameters (temperature, relative humidity, winds speed, visibility, and 
station pressure) in Windsor during 1996-2015. In addition, Pearson correlation 
coefficients between GLO concentrations and ambient temperatures were calculated in 
smog and non-smog season separately. P values were used to check whether the two 
variables were statistically correlated with each other. Hourly GLO concentrations by 36-
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wind direction were calculated. In order to investigate the regional transport of GLO in 
Windsor.  
 
3.7.2 Correlations between number of high GLO and number of high temperatures 
in Windsor 
       Further investigations of meteorological effects on GLO concentrations were 
conducted between number of high 8-hour max GLO concentrations and number of high 
daily max temperature in smog season during 1996-2015 in Windsor. Number of days with 
8-hour max GLO concentrations above 70 ppb was scatter plotted with number of days 
with daily max temperature above 30°C. P values were used to check whether two 
variables were statistically correlated. The following five steps were used to identify 
associations between number of high GLO days and number of daily maximum 
temperatures above 30°C.  
1). The “countif” function was used to count number 8-hour max GLO concentrations 
above 70 ppb in smog season by year during 1996-2015 in Windsor.  
2). The “max” function was used to determine daily maximum temperatures from 
hourly temperatures in smog season in Windsor.  
3). The “countif” function was used to count number daily max temperatures above 
30°C by year during 1996-2015. 
  4). Pearson correlation was conducted between number of 8-hour max GLO above 70 
ppb and number of days with daily max temperature above 30°C. 
5). Scatter plot of number of days with GLO concentrations above 70 ppb and number 
of days with daily max temperatures above 30°C.  
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3.7.3 Associations between GLO concentrations and southerly flows in smog season 
in Windsor 
       Windsor is downwind of several polluters in the Midwest of the US. In addition, GLO 
concentrations in Windsor are strongly affected by regional transport of GLO. Therefore, 
total smog season of southerly flows (160° to 200°) were identified by year from 1996-
2015. The following four steps were used to investigate associations between 8-hour max 
GLO concentrations and southerly flows in smog season in Windsor. 
1). The “filter” function was used to identify hourly wind directions ranged from 160° 
to 200° in smog season by year during 1996-2015. 
2). The “count” function was used to count smog season southerly flows annually.  
3). Pearson correlation coefficients between smog season mean 8-hour max GLO 
concentrations and smog season southerly flows were calculated. 
4). Long-term trend of southerly flow hours was detected in Windsor. 
 
3.7.4 Influence of weather and meteorological parameters on GLO in Windsor 
       Effects of weather conditions on GLO concentrations in Windsor were investigated in 
the daytime of smog season during 1996-2015 in Windsor. Daily weather conditions are 
not directly provided by Environment Canada, therefore, daily weather conditions were 
derived from hourly weather conditions. Three types of weather conditions were classified 
in the study, clear day, cloudy day and rainy day. Number of clear, cloudy and rainy days 
were counted in smog season during the same period. Long-term number of clear, cloudy 
and rainy day trends were plotted. The following eight steps were used to investigate 
weather condition effects on GLO concentrations in Windsor.  
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1). Non-smog season meteorological parameters were removed from the original 
meteorological dataset, because this study is focused mainly on smog seasons GLO 
concentrations.  
2). Nighttime (21:00 to 7:00) meteorological parameters were removed from 
meteorological data files, because 8-hour max GLO concentrations were mostly 
obtained during the daytime.  
3). Similar hourly weather conditions were clustered into one category. Clear weather 
consists of clear and mainly clear weather. Cloudy weather consists of cloudy, mostly 
cloudy weather, fog and haze. Rainy weather consists of drizzle, rain, rain shower, 
moderate rain, heavy rain, thunder storm and snow shower. Snow shower is rarely 
observed in smog season, and is only found in early April. The three weather types 
generally cover all weather conditions during smog seasons. In the case of two 
weather conditions occurs together in a single hour. Rain has the highest priority, 
followed by cloudy and clear weather.  
4). The “count” function was used to count number of hourly weather conditions in 
each day. The most observed weather condition in a day was selected to represent the 
weather condition. If the tie situation occurred (e.g. both rainy and clear weather last 
5 hours in the same day), rainy weather has the priority, followed by cloudy and clear 
weather. 
5). The “merge” function was used to temporally match daily weather conditions and 
8-hour max GLO concentrations in Windsor. 
6). Mean 8-hour max GLO concentrations by the three weather conditions were 
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calculated. One-way ANOVA was used to check whether 8-hour max GLO 
concentrations were significantly different by three weather conditions. 
7). The “cross tabulation and Chi-square” function was used to count number of clear, 
cloudy and rainy days by year in Windsor during 1996-2015.  
8). The “regression” function was used to determine the slope and p values of long-
term weather trends.  
Furthermore, meteorological parameters in high and low GLO concentration days 
were identified in smog season during 1996-2015. High and low GLO days were 8-hour 
max GLO concentrations above 90th and below 10th percentile levels, respectively. 
Temperatures, relative humidity, wind speeds, visibility and pressure were selected as 
comparison variables. The following five steps were used to identify the differences in 
meteorological parameters in high and low GLO days.  
1) 10th and 90th percentile levels of 8-hour max GLO concentrations in Windsor were 
calculated in smog season during 1996-2015. High and low GLO days were 
identified by the “sort” function in EXCEL.  
2) High and low GLO days and their 8-hour max GLO concentrations were imported 
to a MINITAB worksheet. 
3) Daily mean meteorological parameters were calculated in smog season during 
1996-2015 in Windsor.  
4) The “merge” function was used to temporally match high and low GLO days with 
daily meteorological parameters. 
5) Mean meteorological parameters in high and low GLO days were calculated, one-
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way ANOVA was used to check if meteorological parameters were statistically 
different by high and low GLO days.  
 
3.8 Regional transport of GLO 
3.8.1 HYSPLIT trajectory modeling 
       HYSPLIT trajectory modeling was used to identify originations of air mass 
transported to Windsor in smog season during 1996-2015. Twenty-four hour backward air 
trajectories ended at Windsor West (42.293° N, 83.073° W) in smog season during 1996-
2015 were obtained from HYSPLIT-WEB (ARL, 2015a). Twenty-four hour backward 
trajectories were simulated because it is sufficient to determine potential locations of 
regional emission sources and explain regional transport pathways. Start time of each 
trajectory is 15:00 EDT (19:00 UTC) when maximum GLO concentration occurs in a day. 
Backward trajectories were simulated at 500 meters above the ground level with modeled 
vertical velocity. NARR 32km (N.A., 1979-present), EDAS 80km (U.S., 1997-2004) and 
EDAS 40km (U.S. 2004-present) were selected as meteorology data for simulating air 
trajectories during 1996-2015.  
       For display options, Google Earth file (.kmz) and image file (.gif) were selected as 
output files. The mixed layer depth was selected as dump meteorological data along air 
trajectories. Plot resolution was 96 dpi and the zoom factor was 70. Each downloaded 
backward trajectory was and renamed as “ddmmyy” and saved by year and month. The 
following five steps were used to display backward air trajectories on Google Earth. 
1). Backward air trajectories (.kmz) by year were classified into four categories based 
on 8-hour max GLO concentrations in Windsor. Four categories are ≤25th, 25th-50th, 
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50th-75th, and ≥75th percentile of 8-hour max GLO concentrations in Windsor. 
2). In Google Earth, a “year” folder was created under the “place” panel, and four sub-
folders folder were created and named as “≤25th”, “25th-50th”, “50th-75th” and “≥
75th” under “year” folder.  
3). Imported trajectories files (.kmz) into four corresponding sub-folders by clicking 
“open” button under the “file” on the main menu.  
4). The “property” function was used to customize air trajectories by percentile levels. 
The “style and color” function was selected to alter color and width of each air 
trajectory.  
5). Green, yellow, pink and red were assigned to “≤25th”, “25th-50th”, “50th-75th” and 
“≥75th” groups, respectively. 
3.8.2 Classification of backward air trajectories 
       Backward trajectories obtained from HYSPLIT modeling simulation were classified 
based on the direction and origination of 24-hr air mass (10°-360°) arrived into Windsor. 
Thirty-six directions were selected with a 10° interval for each direction. The direction or 
origination of an air trajectory was determined by overlaying a compass on a trajectory. 
Figure 3-1(a) shows an example of a straight trajectory. The air trajectory was assigned to 
330° directional group. Figure 3-1(b) shows an example of slight curved trajectory 
crossing less or equal to 5 intervals. The slight curved air trajectory was assigned to 280° 
directional group; the direction of air mass enters into Windsor. Figure 3-1 (c) shows an 
example of greatly curved trajectory crossing more than 5 intervals. The trajectory was 
assigned to 80°, where the air mass originated. 
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Figure 3-3. Overlay a compass onto a trajectory. (a) A straight trajectory; (b) a slight 
curved trajectory (crossing five intervals); (c) a greatly curved trajectory (crossing more 
than five intervals). 
 
3.8.3 Directional GLO concentrations in Windsor 
All backward trajectories ended in Windsor in smog season during 1996-2015 were 
classified into 36-directional group, based on their originations and directions of entry into 
Windsor. Directional 8-hour max GLO concentrations at Windsor were calculated. 
ANOVA was used to check whether GLO concentrations were significantly different from 
each direction. High GLO concentrations in the direction suggesting regional transport air 
mass from that direction were associated with high GLO concentrations in Windsor.  
 
3.8.4 Air trajectories by sector 
Hierarchical cluster analysis was used to cluster 36-directional air trajectories into 
fewer sectors based on 8-hour max GLO concentration by direction. The following four 
steps were used to conduct hierarchical cluster analysis.  
1). Air trajectories by 36-direction and their 8-hour max GLO concentrations in 
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Windsor were imported in a MINITAB worksheet. 
2). The “unstack columns” function was used to split 8-hour max GLO concentrations 
by 36-directional groups of air trajectories.  
3). 5th, 25th, 50th, 75th, 95th percentile levels and mean of 8-hour max GLO 
concentrations in Windsor were calculated in each direction.  
4). The “cluster observations” function was selected to conduct cluster analysis in 
MINITAB. 5th, 25th, 50th, 75th and 95th Percentiles and mean values of 36 directional 
8-hour max GLO concentrations were selected as comparison variables. “Euclidean” 
method was selected as the distance measure between each variable. Euclidean 
distance is the most common distance measures for interval data (Rosie Cornish, 
2007). 
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CHAPTER 4 RESULTS AND DISCUSSION 
4.1 Long-term trend 
4.1.1 GLO trends in Windsor  
Increasing annual mean GLO concentrations (0.52 ppb/year) were detected in 
Windsor during 1996-2015. Smog and non-smog season GLO trends in Windsor during 
the same period are shown in Figure 4-1. Greater increasing GLO concentrations were 
observed in non-smog season (0.72 ppb/year) than smog season (0.37 ppb/year) 
suggesting an increase of background GLO concentrations in Windsor. Non-smog season 
GLO concentrations are strongly affected by background GLO concentration, because of 
weaker photochemical reactions in cold months. The relatively slow increasing GLO 
concentrations in smog season suggests that increasing background GLO concentrations 
were compensated by the decrease of local GLO production due to emission reductions of 
NOx and VOC in Ontario. Similar GLO trends of smog and non-smog season have been 
found in the MOE report and many other GLO studies (Sicard, 2011; MOE, 2013). A study 
in eastern France has demonstrated the decrease NO titrations could be one of the reasons 
of greater increasing GLO concentrations in cold months (Sicard, 2011). The emission 
reductions of NO in eastern France were greater in cold months than in warm months.  
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Figure 4-1. Long-term GLO trends in smog and non-smog season in Windsor during 1996-
2015. 
 
4.1.2 Smog season GLO trends in the five US sites 
Smog season GLO trends in the five US sites during 1996-2015 are shown in 
Appendix E (Figure E1). Slopes and p-values of smog season GLO trends in all six sites 
are shown in Table 4-1. Increasing GLO concentrations were observed in all sites during 
the study period, except for Delaware and NTS. Increasing GLO concentrations in 
Windsor, Allen Park and Erie were statistically significant. Allen Park and Erie are located 
at upwind directions of Windsor, therefore, similar GLO trends in the three sties suggest 
regional transport of GLO from Allen Park and Erie to Windsor. GLO trends in NTS and 
Lansing were not statistically significant in smog season during 1996-2015. 
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Table 4-1. Slopes and p-values of long-term GLO trend in all six sites in smog season 
during 1996-2015. 
Sites Slope (ppb/year) p-value 
Windsor West 0.372 <0.05  
Allen Park 0.261 <0.05  
Delaware -0.271 <0.05  
Erie 0.195 <0.05  
Lansing 0.116 >0.1  
National Trail School -0.01 >0.1  
 
Significantly decreasing GLO concentrations in Delaware during 1996-2015 are 
mainly attributed to “NOx State Implementation Plans (SIP) Call” implemented by 
USEPA in 1998 (USEPA, 2016b). A study in the eastern US has demonstrated that GLO 
concentrations showed on average 13% less since “NOx SIP Call” (Gego et al., 2008). 
Backward trajectories obtained by HYSPLIT modeling have been used to indicate that 
emission controls on electricity-generating plants in the Ohio River Valley have significant 
improved GLO air quality in downwind regions, northeastern and eastern of the Ohio 
River Valley (Gego et al., 2008). 
 
4.1.3 GLO trends at various percentile levels in all six sites 
GLO trends at 5th, 25th, 50th, 75th and 95th percentile levels in Windsor and the five US 
sites in smog season during 1996-2015 are shown in Figure 4-2 and Appendix E (Figure 
E2), respectively. Slopes of GLO trends at various percentile levels in all six sites are 
shown in Table 4-2. The 25th percentile levels of GLO concentrations have been commonly 
considered as background GLO concentrations (Liu et al., 2015). Increasing background 
GLO concentrations were observed in all sites, except for Delaware. The 95th percentile 
levels of GLO are formed mainly by photochemical reactions of NOx and VOC. 
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Decreasing 95th percentile GLO concentrations were found in all sites, suggesting the 
effectiveness of NOx and VOC emission control strategies in Ontario, Michigan and Ohio. 
 
 
Figure 4-2. Long-term GLO trends at various percentile levels in smog season in Windsor. 
 
Table 4-2. Slopes of long-term GLO trends at various percentile levels in smog season 
during the study period. 
Sites 
Slopes of GLO trends 
5th 25th 50th 75th 95th 
Windsor West 0.311** 0.686** 0.511** 0.277** -0.406* 
Allen Park 0.0571 0.583** 0.461** 0.181** -0.348** 
Delaware 0.1** -0.0526 -0.161 -0.356** -1.01** 
Erie 0.0327 0.484** 0.330** 0.132 -0.308 
Lansing 0.511** 0.306** 0.185** -0.037 -0.532** 
National Trail School 0.284** 0.261** 0.0534 -0.202** -0.609** 
* significant at p value<0.1; ** significant at p value<0.05 
 
Similar slopes of GLO trends were observed in Windsor, Allen Park and Erie 
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suggesting regional transportation of GLO from Allen Park and Erie to Windsor. In these 
three sites, increasing GLO concentrations were observed at all percentile levels, except 
95th percentile level. Increasing background and mid-level of GLO concentrations 
contributed mostly to increasing GLO concentration during 1996-2015. Decreasing peak 
GLO concentrations were observed suggesting the effectiveness of emission control of 
NOx and VOC. However, the decrease of peak GLO was not enough yet to compensate 
increasing GLO concentrations in the three sites. Similar slopes of GLO trends were found 
in Lansing and NTS despite the two sites are far apart and different in site types (Table 3-
1). Increasing GLO concentrations were detected at background and mid-level of GLO 
concentrations. Decreasing GLO concentrations were observed at 75th and 95th percentile 
levels resulting from emission reduction of NOx and VOC. Overall, smog season GLO 
trends in Lansing and NTS were not statistical significant during 1996-2015. 
GLO concentrations in Delaware exhibited the most dissimilar GLO trends with those 
in Windsor. In Delaware, decreasing GLO concentrations were observed at all percentile 
levels, except for 5th percentile level. Decreasing GLO concentrations in Delaware in smog 
season during 1996-2015 are mainly attributed to the emission control of NOx in power 
plants in the Ohio River Valley (Gego et al., 2008). 
Overall, increasing GLO concentrations at background and 50th percentile of GLO 
concentrations were observed in all sites, except for Delaware. The causes of increasing 
background GLO concentrations are not fully understood. However, increases NOx and 
VOC emissions from poorly regulated sectors, such as international shipping and aviation 
are one of the possible explanations (Royal Society, 2008). Decreasing GLO 
concentrations at peak levels suggests an effectiveness of NOx and VOC emission control 
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strategies in North America. 
 
4.2 Seasonal GLO trend 
4.2.1 Seasonal GLO trend in Windsor 
 Seasonal GLO trends in Windsor during 1996-2015 are shown in Figure 4-3. In 
Windsor, the average Sen’s slope (0.59 ppb/year) of seasonal GLO trend is greater than 
the linear regression slope (0.55 ppb/year). The difference is due to that linear regression 
method is influenced by outliers and seasonality within the data. Similar situations have 
been reported in a GLO study in Mt Waliguan Station in China (Xu et al., 2016). Increasing 
GLO concentrations were observed in all months in Windsor during 1996-2015. Greater 
increasing GLO concentrations were observed in cool months (Nov-Apr, 0.78 ppb/year), 
whereas, relatively slow increasing GLO concentrations were found in warm months 
(May-Oct, 0.40 ppb/year). A strong negative correlation coefficient (r=-0.910, p<0.05) 
between rates of increasing seasonal GLO and monthly mean temperatures was found in 
Windsor during the study period. More specifically, the highest and lowest increasing GLO 
concentrations were found in February (1 ppb/year) and June (0.25 ppb/year), respectively. 
From February to June, as solar radiation becomes stronger, increasing rate of GLO 
concentrations was gradually reduced until June. This is attributed to that GLO are formed 
mainly by photochemical reactions of NOx and VOC and are less affected by background 
GLO concentrations. From July to January as solar radiation become weaker, increasing 
rate of GLO concentrations became faster due to an increase of background GLO 
concentrations. This suggests that GLO concentrations are strongly affect by background 
GLO in non-smog season. Similar seasonal GLO trends have been reported in France and 
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India (Sicard et al., 2011; Chaudhuri & Dutta, 2014). In contrast, a GLO study in Korea 
(Susaya et al., 2013) has demonstrated that increasing GLO concentrations in spring and 
summer were significantly higher than other months suggesting prevailing westerly-
polluted air mass from Northeast Asia in spring and summer (Pochanart et al., 1998). 
 
  
Figure 4-3. Seasonal GLO trends in Windsor during 1996-2015. (Error bar indicates 95% 
CI). 
 
4.2.2 Seasonal GLO trend in the five US sites 
Seasonal GLO trends in the five US sites during 1996-2015 are shown in Appendix E 
(Figure E3). Seasonal GLO trends in the five US sites were detected in the smog season 
(April to September for Allen Park and Lansing; April to October for Erie, Delaware and 
NTS) during the study period. Seasonal GLO trends in the five US sites showed greater 
increasing GLO concentrations in cooler months (April or October), whereas, slightly 
increasing or even decreasing GLO concentrations in hot months (June or July). Similar 
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seasonal GLO trends were found in Allen Park, Erie, Lansing and Windsor. Partially 
similar seasonal GLO trends were detected between NTS and Windsor. However, 
dissimilar seasonal GLO trends were found in Delaware and Windsor.  
In Allen Park, Erie and Lansing, increasing GLO concentrations were observed in all 
months of smog season during 1996-2015. Slopes of GLO trends were peak in April and 
lowest in June. From April to June, positive slopes of GLO trends were decreased as 
temperature increased. From July to October, positive slopes of GLO trends were 
increased as temperature decreased. 
       In NTS, positive slopes of GLO trends in April (0.3 ppb/year) were gradually 
decreased to zero in June and continuously decreased until July (-0.2 ppb/year). After July, 
decreasing GLO concentrations rose back gradually and became increasing GLO 
concentrations in October (0.25 ppb/year). 
       In Delaware, increasing GLO concentrations were only observed in April (0.13 
ppb/year) and October (0.13 ppb/year). The greatest decreasing GLO concentrations were 
found on July (-0.47 ppb/year). Decreasing GLO concentrations in Delaware are mainly 
attributed to the NOx emission control in Ohio River Valley (Gego et al., 2008). 
       Overall, similar seasonal GLO trends were found in Allen Park, Erie, Lansing and 
Windsor suggesting GLO in Windsor were influenced by regional transport of GLO from 
the three upwind US sites. Dissimilar seasonal GLO trends were found in Delaware, NTS 
and Windsor. Increasing GLO concentrations were greater in cooler months (April, 
October). This once again suggests an increase of background GLO concentrations. 
Relatively slow increasing or even decreasing GLO concentrations were found in hot 
summer months (June, July). This suggests that increasing background GLO 
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concentrations were compensated by the decrease of local GLO productions resulting from 
emission reductions of NOx and VOC.  
 
4.3 Similarity of GLO concentrations between Windsor and the five US sites 
4.3.1 Temporal similarity of GLO 
Correlations of smog season hourly, daily and monthly mean GLO concentrations and 
8-hour max, and monthly mean 8-hour max GLO concentrations between Windsor and 
each of the five US sites during 1996-2015 are shown in Appendix F (Figures F1-F5). 
Pearson correlation coefficients of GLO concentrations among Windsor and the five US 
sites are shown in Table 4-3. Pearson correlation coefficients of hourly GLO and 8-hour 
max GLO concentrations between Windsor and the five US sites were ranged 0.394-0.901 
and 0.513-0.935, respectively. All Pearson correlation coefficients were statistically 
significant at p<0.05. Higher correlation coefficients (r>0.8) were observed among 
Windsor, Allen Park, Erie and Lansing indicating a good agreement in temporal variability 
of GLO concentrations. Furthermore, high Pearson correlation coefficients suggest that 
GLO concentrations in Windsor are strongly affected by regional transport GLO from the 
three sites. Moderated Pearson correlation coefficients of GLO between Windsor, NTS 
and Delaware were found. This is because that NTS and Delaware are further apart with 
Windsor. 
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Table 4-3. Pearson correlation coefficients between GLO concentrations in Windsor and 
the five US sites in smog season, all correlations are significant at p<0.05. 
Sites 
Hourly GLO 8-hour GLO 
Hourly 
mean 
Daily mean 
Monthly 
mean 
Daily max 
Monthly 
mean 
Allen Park 0.901 0.898 0.878 0.935 0.898 
Delaware 0.702 0.576 0.513 0.684 0.649 
Erie 0.782 0.824 0.778 0.844 0.841 
Lansing 0.802 0.824 0.825 0.83 0.822 
NTS 0.572 0.394 0.622 0.582 0.648 
 
Pearson correlation coefficients between Windsor and each of the five US sites 
exhibited a similar result in terms of hourly and 8-hour max GLO concentrations. The 
highest Pearson correlation coefficients were found between Windsor and Allen Park, 
followed by Lansing, Erie, Delaware and NTS. The ranks of Lansing and Erie were 
indistinct. Overall, GLO concentrations in Windsor were strongly correlated with those in 
nearby sites (Allen Park, Lansing and Erie) suggesting regional transport of GLO from 
these three US sites to Windsor.  
 
4.3.2 Spatial similarity of GLO 
COD values of smog season hourly and 8-hour max GLO concentrations between 
Windsor and each of the five US sites during 1996-2015 are shown in Table 4-4. COD 
values among Windsor and the five US sites ranged of 0.256-0.357 and 0.092-0.159 by 
hourly and 8-hour max GLO concentrations, respectively. COD values determined from 
8-hour max GLO concentrations were significantly lower than that COD values 
determined from hourly GLO concentrations. This is mainly due to temporal variability of 
hourly GLO concentrations is greater than 8-hour max GLO concentrations. However, 
COD ranks of GLO between Windsor and each of the five US sites were consistent in 
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hourly and 8-hour max GLO concentrations. COD values between Windsor and Allen Park 
exhibited the most homogeneous GLO concentrations, followed by Lansing, Erie, 
Delaware and NTS. This is consistent with ranks from Pearson correlation coefficients, 
and once again suggests GLO in Windsor were strongly affected by regional transport of 
GLO from the three upwind sites.  
 
Table 4-4. COD of GLO concentrations among Windsor and the five US sites in smog 
season during 1996-2015. 
Sites Hourly GLO 8-hour max GLO 
Allen Park 0.256  0.092  
Delaware 0.319  0.148  
Erie 0.288  0.109  
Lansing 0.271  0.105  
National Trail School 0.357  0.159  
 
4.3.3 Similarity of GLO among all six sites 
Hierarchical clustering diagrams of smog season GLO concentrations in all six sites 
are shown in Appendix G (Figures G1-G2). Sites with homogeneous GLO concentrations 
were prior clustered together. Hourly and 8-hour max GLO concentrations exhibited 
consistent clustering results. Cluster 1 consisted of four monitoring sites includes Windsor, 
Allen Park, Lansing and Erie. These sites are located relative close to Windsor within a 
range of 150km. Allen Park, Lansing and Erie also exhibited high Pearson correlation 
coefficients and low COD values with Windsor suggesting high similarity of GLO. Cluster 
2 consisted of two monitoring sites NTS and Delaware. The two sites are classified as rural 
sites and located in southwestern and southern Ohio, respectively. In addition, mean hourly 
and 8-hour max GLO concentration in cluster 2 (34 & 51 ppb) were higher than those in 
cluster 1 (30 & 44 ppb). One-way ANOVA indicates that mean GLO concentrations in 
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cluster 1 and 2 were statistically different.  
 
4.4 Diurnal & seasonal variability & weekend effects of GLO 
4.4.1 Diurnal variability of GLO concentrations 
       Diurnal variability of GLO concentrations in Windsor and the five US sites (smog 
season) during 1996-2015 are showed in Figure 4-4 and Appendix H (Figure H1), 
respectively. Diurnal variability of GLO concentrations exhibited a similar pattern in all 
six sites. GLO concentrations strongly associated with ambient temperature suggesting 
photochemical reaction between NOx and VOC. From 6:00 to 15:00 local time, there was 
a gradual increase in GLO concentrations. Peak GLO concentration was found at 15:00 
local time, when ambient temperature is peak. From 15:00 to 6:00 local time, there was a 
gradual decrease in GLO concentrations. The lowest GLO concentration was found at 6:00 
local time suggesting the lack of photochemical production of GLO. One-way ANOVA 
indicates hour-of-day GLO concentrations were statistically different. However, all Tukey 
groups were overlapped due to larger within-hour variance than between-hour variance. 
In addition, the lowest GLO concentrations were found at 5:00 local time in rural and 
suburban sites, whereas, the lowest GLO concentrations were found at 6:00 local time in 
urban sites. This one hour gap is probably due to an increase of NO titrations in urban sites 
resulting from abundant NO emissions in the early morning. 
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Figure 4-4. Diurnal variability of GLO concentrations during 1996-2015 in Windsor. 
 
4.4.2 Seasonal variability of GLO concentrations 
Seasonal variability of GLO concentrations in Windsor and the five US sites (smog 
season) during 1996-2015 are shown in Figure 4-5 and Appendix H (Figure H2), 
respectively. Similar seasonal variability of GLO concentrations were observed in all sites. 
In Windsor, monthly GLO concentrations were high (34 ppb) in summer months (June-
July), and low (12 ppb) in winter months (December). High GLO concentrations in 
summer months are attributed to strong solar radiation and long sunlight hours (Khoder, 
2009). A low p value (<0.05) from one-way ANOVA indicates statistically differences in 
the monthly mean GLO concentrations. Similar seasonal variability of GLO 
concentrations has been reported in northeastern New Jersey (Roberts-Semple et al., 2012), 
greater Cairo (Khoder, 2009), and greater Vancouver (Vingarzan & Taylor, 2003).  
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Figure 4-5. Seasonal variability of GLO concentrations during 1996-2015 in Windsor. 
 
4.4.3 Weekday and weekend effect of GLO concentrations 
Weekdays, Saturday and Sunday mean GLO concentrations in Windsor and the five 
US sites in smog season during 1996-2015 are shown in Figure 4-6 and Appendix H 
(Figure H3), respectively. Similar weekday and weekend effects of GLO concentrations 
were found in all six sites. In Windsor, Sunday GLO concentrations (33 ppb) were the 
highest, followed by Saturday (32 ppb) and weekdays (30 ppb). One-way ANOVA 
indicates that GLO concentrations in weekdays, Saturday and Sunday were statistically 
different. Emissions of NO on weekends were lower than weekdays, due to less vehicular 
and industrial emissions of NO. Therefore, high GLO concentrations on weekends are 
mainly due to the decrease of NO titration (Khoder, 2009; Koo et al., 2012; Huryn & 
Gough, 2014). Similar GLO weekday and weekend effect was found in GLO studies in 
Nepal (Pudasainee et al., 2006), Mexico City (Stephens et al., 2008), San Paulo (Salvo & 
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Geiger, 2014), and New Jersey (Roberts-Semple et al., 2016). 
 
 
Figure 4-6. Weekdays, Saturday and Sunday mean GLO during 1996-2015 in Windsor. 
       
Magnitudes of weekday and weekend GLO effects were calculated from mean 
weekends GLO minus mean weekdays GLO concentrations in each site. One-way 
ANOVA indicates that magnitudes of weekday and weekend GLO effects were marginally 
(p<0.1) different in urban/suburban (3.1 ppb) and rural sites (1.4 ppb). The greater 
weekday and weekend GLO differences in urban/suburban than rural sites are mainly due 
to a greater emission reduction of NO in weekends in urban/suburban sites. The findings 
are consistent with results from a GLO study in Hong Kong (Zheng et al., 2010). Weekday 
and weekend GLO effects were significant in urban and coastal sites, but were not distinct 
in rural sites. This once again suggests that NO titration cause weekday and weekend GLO 
effects. 
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4.5 Meteorological effects on GLO in Windsor 
4.5.1 Associations between GLO and meteorological parameters 
       Correlations between GLO concentrations and meteorological parameters in Windsor 
during 1996-2015 are shown in Appendix I (Figures I1-I10). Pearson correlation 
coefficients between GLO concentrations and meteorological parameters are shown in 
Table 4-5. Meteorological parameters consist of temperature, relative humidity, winds 
speed, visibility and atmospheric pressure. Moderate positive Pearson correlation 
coefficients between GLO concentrations and temperatures were observed suggesting 
photochemical production of GLO (Susaya et al., 2013). In addition, higher Pearson 
correlation coefficients were found between hourly GLO concentrations and temperatures 
in smog season (r=0.507, p-value<0.05) than non-smog season (r=0.113, p-value<0.05). 
This indicates that non-smog season GLO concentrations were weakly affected by 
photochemical reaction. 
 
Table 4-5. Pearson correlation coefficients between GLO and meteorological parameters 
during 1996-2015 in Windsor. All correlations are significant at p<0.05. 
Meteorological parameters Hourly mean GLO Daily mean GLO 
Temperature 0.509 0.555 
Relative humidity -0.512 -0.363 
Wind speed 0.191 -0.045 
Visibility 0.158 0.169 
Station pressure -0.068 0.065 
 
Furthermore, daily max temperatures were positively correlated (r=0.556, p-
value<0.05) with daily max GLO concentrations in Windsor in smog season during 1996-
2015. Numbers of high 8-hour max GLO (>70 ppb) days was strongly correlated (r=0.634, 
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p-value<0.05) with numbers of high temperature (>30°C) days during the study period. 
Correlations between numbers of high GLO concentrations and numbers of high 
temperatures days are shown in Figure 4-7. This is consistent with findings from a GLO 
study in the Greater Toronto Area, Ontario (Geddes et al., 2009) suggesting strong 
associations between GLO concentrations and temperature.  
 
 
Figure 4-7. Number of 70 ppb exceedances days and numbers days above 30 °C in smog 
season by year in Windsor during 1996-2015. 
 
Relative humidity was moderate negatively correlated with GLO concentrations in 
Windsor during 1996-2015. This is probably attributed to GLO destruction when water 
vapor reacts with excited oxygen atom (Chen et al, 2012). In addition, water vapor 
enhances removal of short-lived radicals, which is essential for GLO formation (Chen et 
al., 2012). However, a GLO study in the US has demonstrated that due to GLO are not 
highly soluble, relative humidity is not an important factor for removing GLO 
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concentrations (Gorai et al., 2015). The negative correlations between GLO concentrations 
and relative humidity are mainly due to inverse relationships between temperatures and 
relative humidity. Negative Pearson correlation coefficients between GLO concentrations 
and relatively humidity are consistent with many GLO studies (Abdul-Wahab et al., 2005; 
Ahmad et al., 2013; Jing et al., 2014; Pavon-Dominguez et al., 2014).  
Associations between GLO concentrations and wind directions were investigated in 
Windsor in smog season during 1996-2015. The GLO concentrations by wind directions 
in Windsor is shown in Figure 4-8. High (42 ppb) GLO concentrations in Windsor were 
associated with air mass from the south (170°-190°) of Windsor. In the south of Windsor, 
there are industrial states of Ohio and Indiana. Low (19 ppb) GLO concentrations in 
Windsor were associated with air mass transported from the north of Windsor suggesting 
clean air mass from the north. In addition, directional GLO concentrations in Windsor 
showed two secondary peaks during the study period. The two secondary peaks of GLO 
in Windsor were associated when air mass from the northeast (33 ppb) and the northwest 
(29 ppb).  
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Figure 4-8. Directional mean GLO concentrations in Windsor during 1996 to 2015. 
 
High GLO concentrations in Windsor were associated with air mass regional 
transported from the south. Therefore, investigations of frequency of southerly flows 
(160°-200°) were conducted in Windsor in smog season during 1996-2015. Long-term 
trend of southerly flow hours in Windsor is shown in Figure 4-9. The frequency of 
southerly flow has significantly increased (p-value<0.05) in Windsor during the study 
period. The frequency of southerly flow increased 30% during 1996-2015. In addition, 
annual total smog season southerly flow hours were positively correlated (r=0.473, p-
value<0.05) with annual mean smog season hourly GLO concentrations in Windsor. 
Therefore, increasing GLO concentrations in Windsor in smog season are not only caused 
by an increase of background GLO, but also caused by increasing frequency of southerly 
flows in Windsor. 
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Figure 4-9. Long-term southerly flow hour trend in smog season in Windsor during 1996-
2015. 
 
Weak positive correlation coefficients between GLO concentrations and visibility 
were observed in Windsor during 1996-2015. This is attributed to that solar radiation is 
adsorbed or blocked by particles and smog in the atmosphere and resulting in less UV 
radiation reach the earth surface. This is consistent with findings from a GLO study in 
India (Kumar et al., 2015). GLO concentrations were not correlated with atmospheric 
pressure in Windsor during 1996-2015.  
Investigations of meteorological parameters associations with high and low GLO 
concentrations were conducted in Windsor during 1996-2015. Meteorological parameters 
in high (>90th) and low (<10th) 8-hour max GLO days were identified and shown in Table 
4-6. One-way ANOVA (p<0.05) indicates that all meteorological parameters were 
significant different in high and low GLO concentration days, except visibility. This once 
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again suggests that GLO concentrations are significantly affected by meteorological 
parameters. 
 
Table 4-6. Meteorological parameters in high, low and total GLO days in Windsor in smog 
season during 1996-2015. 
Mean 
Sample 
size 
8-hour 
max 
GLO 
(ppb) 
Max 
Temp 
(C°) 
Temp 
(C°) 
RH 
(%) 
Wind 
Speed 
(km/h) 
Visibility 
(km) 
Pressure 
(kpa) 
All 
GLO 
3660 45.9 22.9 18.1 67.5 14.1 20.3 99.3 
High 
GLO 
366 74.2 29.1 23.3 63.3 11.2 19.1 99.5 
Low 
GLO 
366 22.8 18.1 14.7 75.6 15.2 19.6 99.2 
 
High GLO days were associated with high ambient temperatures and atmospheric 
pressures, but low relative humidity and winds speed. High temperature enhances 
photochemical production of GLO. High atmospheric pressures and low wind speeds 
weaken dispersion and dilution of GLO. Low GLO days were associated with low ambient 
temperature and atmospheric pressure, but high relative humidity and winds speed. Low 
temperature slow down photo-chemically produced GLO. Low atmospheric pressure and 
high winds speed enhance dispersion and dilution of GLO concentrations. 
 
4.5.2 Associations between GLO and weather conditions 
       Weather conditions play an important role on GLO formations and transportations. 
Eight-hour max GLO concentrations in Windsor in smog season during 1996-2015 by 
weather conditions are shown in Figure 4-10. Eight-hour max GLO concentrations were 
32, 45 and 51 ppb in rainy, cloudy and clear days, respectively. One-way ANOVA indicates 
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that mean 8-hour max GLO concentrations were statistically different (p<0.05) by the 
three weather types. This suggests that GLO concentrations were strongly affected by 
weather conditions.  
 
 
Figure 4-10. Eight-hour max GLO concentrations by weather condition in Windsor in 
smog season during 1996-2015.  
 
       In addition, trends of clear, cloudy and rainy days in Windsor in smog season during 
1996-2015 are shown in Appendix J (Figures J1-J3). Decreasing numbers of clear days 
and increasing numbers of cloudy and rainy days were found during the same period. 
However, changes in weather conditions were not significant in Windsor during the study 
period. Because high GLO concentrations were associated with clear days, decreasing 
numbers of clear days would expect to result in decreasing GLO concentrations. However, 
GLO concentrations have increased in smog season in Windsor during the study period. 
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Therefore, long-term relationships between GLO concentrations and weather conditions 
were not clear.  
 
4.6 Regional transport of GLO in Windsor 
4.6.1 Air trajectory  
       Google Earth based 24-h backward trajectories ended in Windsor in smog season from 
1996 to 2015 are shown in Appendix K (Figures K1-K20). Air trajectories in green, yellow, 
pink and red indicate that 8-hour max GLO concentrations in that day in Windsor was in 
0th-25th, 25th-50th, 50th-75th, and 75th-100th percentile levels, respectively. Smog season 
trajectory plots showed a similar feature by year that high and low GLO concentrations in 
Windsor were associated with air trajectories from the south and north during the study 
period, respectively. An example of backward trajectory plots in Windsor in 2015 is shown 
in Figure 4-11. Location of Windsor is indicated by a red dot in the center of the map. 
 
 
Figure 4-11. 24-h backward air trajectories ended in Windsor in smog season in 2015. 
 
In order to identify associations of high and low GLO concentrations in Windsor with 
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origins of air trajectories, air trajectories in green and red are displayed in the Google Earth 
separately and shown in Figure 4-12 and Figure 4-13, respectively. Fig 4-12 shows that 
low GLO concentrations in Windsor were associated with air mass were originated mainly 
from the north suggesting clean air mass from the north. 
 
Figure 4-12. Air trajectories associated with 8-hour max GLO concentrations below 25th 
percentile in smog season in 2015. 
 
 
Figure 4-13. Air trajectories associated with 8-hour max GLO concentrations above 75th 
percentile in smog season in 2015. 
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In contrast, Figure 4-13 shows that high GLO concentrations in Windsor were 
associated with air mass from the south. There are several industrial states of the US 
located in the south of Windsor. In addition, high GLO days in Windsor were associated 
with air trajectories originated from the US in 2015, except for the two air trajectories 
originated in Ontario.  
 
4.6.2 Directional GLO concentrations 
       In order to quantify associations of GLO concentrations in Windsor and origins of air 
trajectories in smog season during 1996-2015, mean 8-hour max GLO concentrations by 
36-directional air trajectories in Windsor during the study period are shown in Figure 4-
14. High 8-hour max GLO concentrations (57 ppb) in Windsor were associated with air 
mass from the south, where several industrial states of the US located. Low 8-hour max 
GLO concentrations (37 ppb) were associated with air mass originated in the north of 
Windsor suggesting clean air mass.  
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Figure 4-14. Directional 8-hour max GLO concentrations in smog season in Windsor 
during 1996-2015. 
 
The 8-hour max GLO concentrations by 36-directional groups are somehow 
consistent with hourly GLO concentrations by wind directions in Windsor during the study 
period. High and low GLO concentrations in Windsor were associated with air mass 
originated from the south and north, respectively.  
 
4.6.3 Three sectors by air trajectory 
       Cluster analysis classified 36-directional air trajectories into three sectors based on 8-
hour max GLO concentrations in Windsor in smog season during 1996-2015. The 
hierarchical clustering diagram of 36-directional trajectories is shown in Appendix L 
(Figure L1). Three sectors obtained by cluster analysis are shown on a wind compass in 
Figure 4-15. Eight-hour max GLO concentrations and meteorological conditions were 
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calculated by sector and shown in Table 4-7. One-way ANOVA indicates that 8-hour max 
GLO concentrations and meteorological parameters were significantly different by sector. 
 
Figure 4-15. Classification of sectors on a compass. 
 
Table 4-7. Meteorological parameters and GLO concentrations in the three sectors during 
study period. 
Sector 
8-hour max 
GLO (ppb) 
Total 
days 
Temp 
(°C) 
RH 
(%) 
WS 
(km/h) 
Pressure 
(kpa) 
Percentage of 
rain day (%) 
1 41.6 1543 16.2 65.5 13.8 99.4 4.5 
2 48.1 1196 19.8 68.2 14.5 99.2 5.1 
3 53.3 792 19.7 70 13.6 99.3 6.8 
 
Sector 1 consisted of air mass originated in the north and east of Windsor between 
310˚ and 90˚, and included air mass from Upper Peninsula in Michigan, Ontario and New 
York. The 8-hour max GLO concentration in Windsor was 42 ppb when air mass originated 
from sector 1. Air mass originated in sector 1 contributed 44% of total air mass and brought 
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clear, cool and dry air into Windsor. Low winds speed and high atmospheric pressure 
weaken air pollutants dilution and dispersion process. However, it is not enough yet to 
result in high GLO concentrations in Windsor. 
Sector 2 consisted of air trajectories originated in the east (100˚ to 140˚) and west 
(250˚ to 300˚) direction of Windsor. One-way ANOVA indicates that 8-hour max GLO 
concentrations in the east and west direction of Windsor were statistically similar. 
Therefore, the two directions were clustered into one sector. Sector 2 consisted of air mass 
from Pennsylvania, southwestern Michigan, northern Illinois and Wisconsin. Eight-hour 
max GLO concentrations in Windsor was 48 ppb when air mass originated or transported 
from sector 2. Air mass originated in sector two contributed 34% of total air mass and 
brought in polluted and humid air to Windsor. High temperature in sector 2 enhanced 
photochemical productions of GLO; however, low atmospheric and high wind speeds 
enhanced GLO dispersions and dilutions process. 
       Sector 3 consisted of air mass originated from the south and southwest (150˚ to 240˚) 
of Windsor, and included state of Ohio, Indiana and southern Illinois. Eight-hour max GLO 
concentration was the highest (53 ppb) in Windsor when air mass regionally transported 
from sector 3. Air mass originated in the south and southwest of Windsor contributed 22% 
of the total air mass and brought in polluted air mass in Windsor in smog season during 
1996-2015. High GLO concentrations in Windsor were caused by both local 
photochemical productions under strong solar radiation and regional transport of GLO. 
Low wind speed weaker dispersion and dilution of GLO resulting in high GLO in Windsor. 
The highest percentage of rainy day was found in sector 3, however, high percentage of 
rainy day was not enough yet to result in GLO scavenging GLO are not high soluble.  
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
       Investigations of increasing GLO concentrations in Windsor during 1996-2015 were 
conducted by trend analysis, correlations of GLO concentration between Windsor and the 
five US sites, seasonal, diurnal, weekday and weekend variability and air trajectory 
modeling. It was found that increasing annual mean hourly GLO concentrations (0.55 
ppb/year) in Windsor during 1996-2015 are attributed to the following three causes. 
First, the increase of background GLO concentrations in Windsor. Significantly 
increasing GLO concentrations (0.67 ppb/year) at 25th percentile level was observed in 
Windsor suggesting the increase of background GLO concentrations during 1996-2015. 
Non-smog season (October-March) GLO are strongly affected by background GLO 
concentrations, because of less photochemical production GLO in cold months. Greater 
increasing GLO concentrations in non-smog season once again suggests an increase of 
background GLO in Windsor. 
Second, the decrease of NO titrations. NO titrations have been observed in weekday 
and weekend GLO effects in Windsor during the study period. GLO concentrations on 
weekends (33ppb) were significantly higher than on weekdays (30ppb) in despite of less 
NO emission on weekends due to less vehicular and industrial emission of NO. Decreasing 
NO concentrations were found in Windsor during 1998-2007 and 2005-2014 with a 
decreasing rate of 43% and 56%, respectively (Said 2012; MOE, 2014). The decrease of 
NO titration could be one of the reasons of increasing GLO in Windsor.   
Last, the regional transport of GLO. Similar GLO trends and GLO concentrations 
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between Windsor and the US sites suggest that GLO in Windsor was strongly influenced 
by regional transport of GLO from the upwind US sites. Moreover, high GLO 
concentrations in Windsor were associated with air mass from the south. This is in 
agreement with there are several industrial US states in the south of Windsor. Whereas, 
low GLO concentrations in Windsor were associated with air mass from the north 
suggesting clean air mass. In addition, southerly flows (160°-200°) had increased 30% in 
Windsor in smog season during the study period. 
 
5.2 Recommendations  
• GLO is photo-chemically produced by NOx and VOC, however only GLO data were 
utilized in this study. Therefore, future studies should include both NOx and VOC data 
to examine inter-relationship among GLO, NOx, and VOC. 
• USEPA only posted smog season (Apr-Sep in Allen Park and Lansing, Apr-Oct in Erie, 
Lansing and NTS) GLO data in the five US sites during 1996-2009 on the Airdata 
website (USEPA, 2015c). We want to testify if long-term annual mean GLO trends in 
the five US sites are similar with that in Windsor. Therefore, if data become available, 
future studies should include entire year GLO concentrations in the five US sites. 
• GLO are strongly affected by NO titrations. Total oxidant (GLO+NO2-0.1NOX) 
indicates net GLO removing the effect of NO titrations (Akimoto et al., 2014). 
Therefore, future studies should compare long-term GLO and total oxidant trends. NO 
titrations can be observed from differences in slope of GLO and total oxidant trends. 
• In order to quantify effects of regional transport of GLO in Windsor, future studies 
may employ a chemical transportation model (e.g. WRF-CAMs with the O3 source 
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apportionment technology OSAT) (Borrego et al., 2016).  
• In order to prove background GLO concentrations have increased during the study 
period, a background GLO monitoring station should be selected in Ontario, and to 
plot GLO trends at that site. 
• The trajectory classification method could be improved by selecting either the 
direction where trajectories originated or the direction where trajectories enter 
Windsor, but not mixed together.  
• Because GLO data are not normally distributed in all six sites, future studies could 
use non-parametric test to detect long-term GLO trend (e.g. Mann-Kendall Test). 
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APPENDICES  
APPENDIX A: DATA AVAILABILITY 
Table A-1. Hourly GLO data availability in all six sites. 
Year 
Allen 
Park, MI 
Lansing, 
MI 
Erie, 
OH 
National Trail 
School, OH 
Delaware, 
OH 
Windsor, 
ON 
1996 
SS* 
SS* 
NA 
SS 
NA 
EY 
1997 
SS 
1998 
SS 
1999 
2000 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
EY 
2011 
EY EY 
2012 
2013 
2014 
2015 
 
EY: Entire year (January 1st to December 31st) 
SS: Smog season (April 1st to October 31st) 
SS*: Smog season (April 1st to September 30th) 
NA: Not available 
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Table A-2. 8-hour max GLO data sources in all six sites.  
Year 
Allen 
Park, 
MI 
Lansing, 
MI 
Erie, 
OH 
National 
Trail School, 
OH 
Delaware, 
OH 
Windsor, 
ON 
1996 
USEPA 
Online 
USEPA 
Online 
NA 
USEPA 
Online 
NA 
MOE 
Calculated 
from hourly 
GLO 
1997 
USEPA 
Online 
1998 
USEPA 
Online 
1999 
2000 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2008 
2009 
2010 
2011 
2012 
2013 
2014 
2015 
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APPENDIX B: DATA PRE-PROCESSING 
Table B-1. Number of -999, missing, blank, zero and valid data in Windsor West. ON 
Year -999 
Missing 
hours 
Blank 
cells 
0 data 
points 
Total valid 
data 
Valid data 
(%) 
1996 21 48 66 471 8649 98% 
1997 1 0 183 843 8576 98% 
1998 0 408 103 806 8249 94% 
1999 145 0 185 1107 8430 96% 
2000 6 0 5 1172 8773 100% 
2001 443 0 1 964 8316 95% 
2002 199 1272 14 893 7275 83% 
2003 139 0 3 242 8618 98% 
2004 18 0 1 0 8765 100% 
2005 73 0 36 240 8651 99% 
2006 38 0 23 43 8699 99% 
2007 47 0 2 289 8711 99% 
2008 12 0 5 13 8767 100% 
2009 80 0 10 6 8670 99% 
2010 18 48 45 46 8649 99% 
2011 30 0 26 12 8704 99% 
2012 41 24 53 6 8666 99% 
2013 185 0 36 19 8539 97% 
2014 256 0 14 1 8490 97% 
2015 31 24 25 35 8680 99% 
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Table B-2. Number and percentage of zero, missing and valid data in smog season in Allen 
Park. MI 
Year 
# of 
Zero 
# of 
Missing 
% of 
Zero 
% of 
Missing 
Total valid 
hour out of 
4392 
% of valid 
hour 
1996 300 124 7% 3% 4268 97% 
1997 38 46 1% 1% 4346 99% 
1998 18 68 0% 2% 4324 98% 
1999 540 233 12% 5% 4159 95% 
2000 404 74 9% 2% 4318 98% 
2001 286 135 7% 3% 4257 97% 
2002 249 21 6% 0% 4371 100% 
2003 56 95 1% 2% 4297 98% 
2004 218 56 5% 1% 4336 99% 
2005 50 286 1% 7% 4106 93% 
2006 215 293 5% 7% 4099 93% 
2007 88 290 2% 7% 4102 93% 
2008 59 279 1% 6% 4113 94% 
2009 186 211 4% 5% 4181 95% 
2010 136 223 3% 5% 4169 95% 
2011 73 353 2% 8% 4039 92% 
2012 170 257 4% 6% 4135 94% 
2013 0 241 0% 5% 4151 95% 
2014 0 276 0% 6% 4116 94% 
2015 20 281 0% 6% 4111 94% 
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Table B-3. Number and percentage of zero, missing and valid data in smog season in 
Lansing. MI 
Year 
# of 
Zero 
# of 
Missing 
% of 
Zero 
% of 
Missing 
Total 
valid 
hour out 
of 4392 
% of valid 
hour 
1996 51 57 1% 1% 4335 99% 
1997 158 105 4% 2% 4287 98% 
1998 33 27 1% 1% 4365 99% 
1999 107 29 2% 1% 4363 99% 
2000 98 19 2% 0% 4373 100% 
2001 151 22 3% 1% 4370 99% 
2002 101 18 2% 0% 4374 100% 
2003 32 28 1% 1% 4364 99% 
2004 55 20 1% 0% 4372 100% 
2005 15 104 0% 2% 4288 98% 
2006 19 355 0% 8% 4037 92% 
2007 46 104 1% 2% 4288 98% 
2008 12 84 0% 2% 4308 98% 
2009 25 22 1% 1% 4370 99% 
2010 5 22 0% 1% 4370 99% 
2011 17 224 0% 5% 4168 95% 
2012 10 210 0% 5% 4182 95% 
2013 0 209 0% 5% 4183 95% 
2014 0 257 0% 6% 4135 94% 
2015 4 231 0% 5% 4161 95% 
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Table B-4. Number and percentage of zero, missing and valid data in smog season in Erie. 
OH 
Year 
# of 
Zero 
# of 
Missing 
% of 
Zero 
% of 
Missing 
Total valid 
hour out of 
4392 
% of valid 
hour 
1998 330 222 8% 5% 4170 95% 
1999 136 412 3% 9% 3980 91% 
2000 14 82 0% 2% 4310 98% 
2001 0 74 0% 2% 4318 98% 
2002 0 65 0% 1% 4327 99% 
2003 1 30 0% 1% 4362 99% 
2004 0 33 0% 1% 4359 99% 
2005 0 48 0% 1% 4344 99% 
2006 156 37 4% 1% 4355 99% 
2007 57 14 1% 0% 4378 100% 
2008 72 267 2% 6% 4125 94% 
2009 41 70 1% 2% 4322 98% 
2010 60 40 1% 1% 4352 99% 
2011 115 125 3% 3% 4267 97% 
2012 84 47 2% 1% 4345 99% 
2013 0 42 0% 1% 4350 99% 
2014 0 1147 0% 26% 3245 74% 
2015 81 303 2% 7% 4089 93% 
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Table B-5. Number and percentage of zero, missing and valid data in smog season in 
National Trail School. OH 
Year 
# of 
Zero 
# of 
Missing 
% of 
Zero 
% of 
Missing 
Total valid 
hour out of 
4392 
% of valid 
hour 
1996 135 104 3% 2% 4288 98% 
1997 97 64 2% 1% 4328 99% 
1998 200 74 5% 2% 4318 98% 
1999 65 78 1% 2% 4314 98% 
2000 0 55 0% 1% 4337 99% 
2001 105 20 2% 0% 4372 100% 
2002 67 14 2% 0% 4378 100% 
2003 160 36 4% 1% 4356 99% 
2004 36 38 1% 1% 4354 99% 
2005 178 29 4% 1% 4363 99% 
2006 92 86 2% 2% 4306 98% 
2007 95 18 2% 0% 4374 100% 
2008 8 37 0% 1% 4355 99% 
2009 58 55 1% 1% 4337 99% 
2010 5 15 0% 0% 4377 100% 
2011 14 25 0% 1% 4367 99% 
2012 91 97 2% 2% 4295 98% 
2013 0 181 0% 4% 4211 96% 
2014 0 19 0% 0% 4373 100% 
2015 11 14 0% 0% 4378 100% 
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Table B-6. Number and percentage of zero, missing and valid data in smog season in 
Delaware. OH 
Year 
# of 
Zero 
# of 
Missing 
% of 
Zero 
% of 
Missing 
Total valid 
hour out of 
4392 
% of valid 
hour 
1997 93 222 2% 5% 4170 95% 
1998 13 304 0% 7% 4088 93% 
1999 36 334 1% 8% 4058 92% 
2000 37 247 1% 6% 4145 94% 
2001 0 229 0% 5% 4163 95% 
2002 35 202 1% 5% 4190 95% 
2003 51 219 1% 5% 4173 95% 
2004 17 200 0% 5% 4192 95% 
2005 37 190 1% 4% 4202 96% 
2006 55 204 1% 5% 4188 95% 
2007 49 210 1% 5% 4182 95% 
2008 38 209 1% 5% 4183 95% 
2009 22 207 1% 5% 4185 95% 
2010 2 222 0% 5% 4170 95% 
2011 22 216 1% 5% 4176 95% 
2012 16 197 0% 4% 4195 96% 
2013 0 236 0% 5% 4156 95% 
2014 0 200 0% 5% 4192 95% 
2015 30 197 1% 4% 4195 96% 
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APPENDIX C: DATA PROCESSING 
Table C-1. Missing data chain longer than 24 hours in raw hourly GLO in all six sites. 
Year 
Allen 
Park, MI 
Lansing, 
MI 
Erie, OH 
National 
Trail School, 
OH 
Delaware, 
OH 
Windsor 
West, ON 
1996 Apr 9-11 - - July 10-12 - - 
1997 - - - - - - 
1998 - - 
Apr 1-2, 
Apr 3-6, 
Apr 9-14 
Aug17-18 
Jun28 - 
Jul1 
Jan 1-15, 
Apr 9-14 
1999 
Apr1-3, 
Sep29-30 
- 
May20-24, 
Aug21-25 
Jun17-18 
Jun6-8, 
Jul23-26 
Apr5-6, Jul4 
2000 - - - - - - 
2001 Sep29-30 - - - - 
Jan 27-29, 
Apr5-9, 
Jun16-18, 
Jun24-25 
2002 - - - - - 
Mar 12 - 
May 9 
2003 Aug14-16 - - - - - 
2004 - - - - - - 
2005 Sep23-30 Jul1-4 - - - - 
2006 Aug24-25 Jun9-23 - Jul3-6 - - 
2007 - Apr4-5 - - - - 
2008 - 
Sep19-
22 
Jun26-29 - - - 
2009 - - Aug1-3 - - - 
2010 - - - - - - 
2011 
Jun3-6, 
Aug31-
Sep1 
- May13-16 - - - 
2012 - - - Jun1-4 - - 
2013 July 10-11 - - May 16-23 - - 
2014 Sep 20-22 
May 10-
12 
April 1-
May 16 
- - 
Aug 26-Sep 
4 
2015 - - - - - - 
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Table C-2. Number of 0 data points by hour-of-day in all six sites during 1996-2015. 
Hour-of-
day 
Allen 
Park Lansing Erie NTS Delaware 
Windsor 
West 
0 250 57 49 148 24 148 
1 295 76 98 139 50 176 
2 342 96 113 131 56 191 
3 414 98 115 135 85 218 
4 358 132 144 152 111 267 
5 471 178 189 165 123 294 
6 243 113 127 61 35 214 
7 69 18 52 3 2 74 
8 19 2 17 0 0 13 
9 6 1 10 0 0 3 
10 4 1 7 0 0 2 
11 3 1 4 0 1 1 
12 4 0 5 0 0 2 
13 3 0 4 0 0 2 
14 4 0 4 0 0 2 
15 3 0 3 0 0 0 
16 3 0 4 0 0 1 
17 7 1 3 0 0 3 
18 7 2 4 1 0 2 
19 40 7 15 19 0 12 
20 93 15 22 66 2 31 
21 119 33 42 117 4 52 
22 165 45 46 128 0 103 
23 184 65 70 152 19 113 
Total 3106 941 1147 1417 512 1924 
% 0 at 
night 94% 96% 88% 98% 99% 94% 
Night: 20:00-6:00 
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APPENDIX D: GLO DATA DISTRIBUTION 
 
Figure D-1: Probability plot of hourly GLO data in Allen Park. 
 
 
Figure D-2: Histogram plot of hourly GLO in Allen Park. 
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Figure D-3: Probability plot of hourly GLO data in Lansing. 
 
 
Figure D-4: Histogram plots of hourly GLO in Lansing. 
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Figure D-5: Probability plot of hourly GLO data in Erie. 
 
 
Figure D-6: Histogram plots of hourly GLO in Erie. 
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Figure D-7: Probability plot of hourly GLO data in NTS. 
 
 
Figure D-8: Histogram plots of hourly GLO in NTS. 
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Figure D-9: Probability plot of hourly GLO data in Delaware. 
 
 
Figure D-10: Histogram plot of hourly GLO in Delaware. 
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Figure D-11: Probability plot of hourly GLO data in Windsor. 
 
 
Figure D-12: Histogram plot of hourly GLO in Windsor. 
 109 
 
APPENDIX E: LONG-TERM GLO TRENDS 
 
  
  
  
Figures E-1. Long-term GLO trend in smog season during 1996-2015 in all six sites. 
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Figures E-2. Long-term GLO trend at various percentiles in smog season during 1996-
2015 in all six sites. 
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Figures E-3. Seasonal GLO trends in smog season during 1996-2015 in all six sites. 
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APPENDIX F: SCATTOR PLOTS OF GLO BETWEEN WINDSOR AND 
THE FIVE US SITES 
  
  
 
 
Figures F-1. Scatter plots of hourly GLO concentrations among Windsor and the five US 
sites in smog season during the study period. 
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Figures F-2. Scatter plots of daily mean GLO concentration among Windsor and the five 
US sites during the study period. 
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Figures F-3. Scatter plots of monthly mean GLO concentration among Windsor and the 
five US sites during the study period. 
  
 115 
 
  
  
 
 
Figures F-4. Scatter plot of 8-hour max GLO concentration among Windsor and the five 
US sites during the study period. 
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Figures F-5: Scatter plots of monthly mean 8-hour max GLO concentration among 
Windsor and the five US sites during the study period. 
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APPENDIX G: DENDROGRAM OF GLO BY SITES 
 
 
Figure G-1. The clustering diagram of hourly GLO concentrations in all six sites. 
 
 
Figure G-2. The clustering diagram of 8-h max GLO concentrations in all six sites. 
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APPENDIX H: TEMPORAL VARIABILITY OF GLO 
 
  
  
  
Figures H-1: Diurnal patterns of smog season GLO during study period in all six sites. The 
inner quartile (the 25th to 75th percentile) are represented by gray boxes, separated at the 
median by a horizontal line; the lower and upper quartiles are represented by whiskers; the 
means are represented by circle markers.   
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Figures H-2: Seasonal variability of GLO concentrations during study period in six sites. 
The inner quartile (the 25th to 75th percentile) are represented by gray boxes, separated at 
the median by a horizontal line; the lower and upper quartiles are represented by whiskers; 
the means are represented by circle markers. 
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Figures H-3: Weekdays, Saturday and Sunday mean of smog season GLO during the study 
period in all six sites. The inner quartile (the 25th to 75th percentile) are represented by gray 
boxes, separated at the median by a horizontal line; the lower and upper quartiles are 
represented by whiskers; the means are represented by circle markers. Means that do not 
share a letter are significantly different (One-way ANOVA with Tukey grouping). 
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APPENDIX I: METEOROLOGICAL EFFECTS ON GLO  
 
Figure I-1. Scatter plot of hourly GLO and ambient temperature in Windsor. 
 
 
Figure I-2. Scatter plot of hourly GLO and relative humidity in Windsor. 
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Figure I-3. Scatter plot of hourly GLO and wind speeds in Windsor. 
 
 
Figure I-4. Scatter plot of hourly GLO and visibility in Windsor. 
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Figure I-5. Scatter plot of hourly GLO and atmospheric pressure in Windsor. 
 
 
Figure I-6. Scatter plot of daily GLO and temperature in Windsor. 
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Figure I-7. Scatter plot of daily GLO and relative humidity in Windsor. 
 
 
Figure I-8. Scatter plot of daily GLO and wind speeds in Windsor. 
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Figure I-9. Scatter plot of daily GLO and visibility in Windsor. 
 
 
Figure I-10. Scatter plot of daily GLO and atmospheric pressure in Windsor. 
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APPENDIX J: LONG-TERM WEATHER TRENDS 
 
Figure J-1. Long-term trend of # clear days in smog season in Windsor during 1996-2015. 
 
 
Figure J-2. Long-term trend of # cloudy days in smog season in Windsor. 
2014201220102008200620042002200019981996
80
70
60
50
40
Year
N
u
m
b
e
r 
o
f 
d
a
y
s
p value>0.1
slope=-0.522
Long-term trend of number of clear days in smog season in Windsor
2014201220102008200620042002200019981996
130
120
110
100
90
Year
N
u
m
b
e
r 
o
f 
d
a
y
s
p value>0.1
slope=0.206
Long-term trend of number of cloudy days in smog season in Windsor
 127 
 
 
Figure J-3. Long-term trend of # rainy days in smog season in Windsor. 
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APPENDIX K: GOOGLE EARTH BASED AIR TRAJECTORIES 
 
 
Figure K-1. 24-h backward trajectories ended in Windsor in smog season in 1996. 
 
 
 
Figure K-2. 24-h backward trajectories ended in Windsor in smog season in 1997. 
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Figure K-3. 24-h backward trajectories ended in Windsor in smog season in 1998. 
 
 
 
Figure K-4. 24-h backward trajectories ended in Windsor in smog season in1999. 
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Figure K-5. 24-h backward trajectories ended in Windsor in smog season in 2000. 
 
 
 
Figure K-6. 24-h backward trajectories ended in Windsor in smog season in 2001 
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Figure K-7. 24-h backward trajectories ended in Windsor in smog season in 2002. 
 
 
 
Figure K-8. 24-h backward trajectories ended in Windsor in smog season in 2003. 
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Figure K-9. 24-h backward trajectories ended in Windsor in smog season in 2004. 
 
 
 
Figure K-10. 24-h backward trajectories ended in Windsor in smog season in 2005. 
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Figure K-11. 24-h backward trajectories ended in Windsor in smog season in 2006. 
 
 
Figure K-12. 24-h backward trajectories ended in Windsor in smog season in 2007. 
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Figure K-13. 24-h backward trajectories ended in Windsor in smog season in 2008. 
 
 
 
Figure K-14. 24-h backward trajectories ended in Windsor in smog season in 2009. 
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Figure K-15. 24-h backward trajectories ended in Windsor in smog season in 2010.  
 
 
 
Figure K-16. 24-h backward trajectories ended in Windsor in smog season in 2011. 
 
 136 
 
 
Figure K-17. 24-h backward trajectories ended in Windsor in smog season in 2012. 
 
 
 
Figure K-18. 24-h backward trajectories ended in Windsor in smog season in 2013. 
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Figure K-19. 24-h backward trajectories ended in Windsor in smog season in 2014. 
 
 
 
Figure K-20. 24-h backward trajectories ended in Windsor in smog season in 2015. 
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APPENDIX L: DENDROGRAM OF GLO BY DIRECTION 
Figure L-1. The hierarchical clustering diagram of 36-directional trajectory in Windsor. 
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